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PREFACE 


“Outlines of Physical Chemistry”’ seeks to provide material for a first 
course in physical chemistry. The author has endeavored to make it 
clear and interesting, with emphasis on practical examples, but without 
sacrificing the fundamental mathematical developments on which it is 
based. In this effort he owes much to contact with many student classes, 
to the advice of his several colleagues through the years at the University 
of Wisconsin, and to a wealth of helpful suggestions which have come 
from teachers all over the world. He greatly appreciates these sug- 
gestions and welcomes continuing comments designed to improve the 
book in possible future editions. 

“Outlines of Theoretical Chemistry,” as it was then named, was first 
written in 1913 by Dr. Frederick H. Getman, who carried it through 
1927 in four revisions. Dr. Getman did excellent work in bringing to- 
gether for elementary students the early developments of physical 
chemistry. We are grateful for his pioneer work. 

In 1930 the present author accepted the responsibility for writing the 
book and his four succeeding revisions have been so extensive that 
nothing remains of Dr. Getman’s earlier editions. In each revision the 
author has raised the level of presentation to keep pace with the im- 
proved preparation with which students are starting the study of physi- 
cal chemistry. He has endeavored also to translate for student use 
the advances in physical chemistry which are coming so rapidly and are 
finding such important applications in all branches of chemistry, in 
engineering, in biology, and in many other sciences. 

The present work is regarded as the first edition of a new book, in 
which the author has attempted to meet his responsibilities for better 
presentation of physical chemistry by adding recent developments in the 
field, clarifying descriptions, eliminating some of the more elementary 
material, rearranging chapters, and transferring some of the more 
specialized parts to the appendix. He has tried to bring out funda- 
mental principles and to give glimpses of the frontiers of physical chem- 
istry. 

Many new problems have been substituted for old ones, thought- 
provoking problems being stressed rather than the formula-illustrating 
type. Different types of problems are offered in each chapter to meet 
the needs of students coming to physical chemistry from different edu- 
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cational backgrounds and with different purposes. Again the more™ 
thorough student is referred to the appendix for the derivation of certain 
formulas which the more hurried student will prefer to take for granted. 

The author is particularly indebted to Professor Thomas F. Young, 
of the University of Chicago, for many penetrating criticisms and help- 
ful suggestions. He wishes to thank Dr. Darrell W. Osborne, of the 
Argonne National Laboratory, and Professor George W. Murphy, of 
the University of Wisconsin, for criticisms of parts of the manuscript, 
and Professor Paul Bender and other members of the physical chemistry 
staff at the University of Wisconsin for examination of parts of the 
book. He is indebted to Mr. D. B. Hu, Mr. G. O. Michaels, and Mr. 
W. A. Rowe and others for help in checking some of the calculations and 
problems. 

FARRINGTON DANIELS 

Madison, Wisconsin 
September 1948 
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Table of Important Constants 


The following approximate values will be used for problems. Most of them are 
sufficiently important to memorize during the course of the work. 


Acceleration of gravity 980.7 cm sec~ 
Molar volume (0°, 1 atm) 22.41 liters mole! 
Ice point (0°) 273.1° K 
One calorie (defined) 4,184 joules 
R 8.314 joules deg! mole! 
R (calorie) 1.987 calories deg~! mole! 
R (liter-atmosphere) 0.08205 liter-atm deg! mole! 
Faraday 96,500 coulombs gm equiv | 
; 23,060 calories volt~! gm equiv! 
AVogadro number 6.02 X 10% mole! 
Planck’s constant E 6.62 X 10’ erg sec 
Velocity of light 3x 10! cm sec? 
Conversion logo to loge 2.303 


These and other constants are given with the highest precision now warranted, on 
page 699. 


CHAPTER I 
INTRODUCTION 


Survey of Physical Chemistry. The purpose of the study of physical 
chemistry is to understand and apply the laws of chemistry and physics. 

Physical chemistry emerged as a separate branch of science in the 
latter part of the last century. It has continually broadened its scope 
with new discoveries and has become more exact with improvements 
in experimental measurements and with greater use of mathematics. 
The boundaries of physical chemistry are not sharp; they overlap phys- 
ics on the one side and all branches of chemistry on the other. Physical 
chemistry. draws its facts from all these fields of knowledge and cor- 
relates them by means of word descriptions, graphical representations, 
and mathematical formulas. Of these the mathematical formulas are 
the most powerful. Thus, there has been a decided trend toward the 
use of more mathematics in chemistry. 

In the study of physical chemistry as presented here, the physical 
properties of gases and crystals are described first. The equations of 
state and the kinetic theory have been a great help in studying the 
behavior of gases; and the application of X-ray measurements has given 
a clear picture of the nature of solids. Valence and the types of forces 
which hold atoms and molecules together are studied immediately after 
the discussion of gases. Many physical properties may be predicted 
from the known structure of the molecules; and, conversely, the ar- 
rangement of atoms within the molecule can often be determined from 
the measurements of physical chemistry. Because of the prevalence 
among organic compounds of rigid bonds rather than the more mobile 
electrical attractions, the discussion of molecular structure is confined 
chiefly to the field of organic chemistry. 

Practically all changes studied in chemistry and physics involve a 
change in energy. Since energy can be measured quantitatively and 
easily, it constitutes an excellent means for describing and predicting the 
phenomena of physical chemistry. Part of the energy can be made to do 
useful work, and part of it cannot. The useful available work is of 
fundamental importance in physical chemistry. 

Quantitative energy relations are introduced as soon as a background 
of facts has been established, and they run through much of the ma- 
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terial of the remainder of the book. The familiar concepts of work, 
heat, and heat capacity are followed by a presentation of thermo- 
chemistry and then by a presentation of the more abstract concepts of 
thermodynamics which are concerned with the relations among work, 
heat, and chemical reactions. Further applications in chemical thermo- 
dynamics are presented later, particularly in the chapter on chemical 
equilibria. 

The theory and properties of liquids are taken up next, after a back- 
ground of thermodynamics has been established. 

A notable part of physical chemistry is devoted to the properties of 
solutions. Ideal solutions, which follow simple laws, are discussed first 
and then solutions of nonvolatile materials. Such properties as freezing- 
point depression, boiling-point elevations, and osmotic pressure are re- 
lated directly to the lowering of vapor pressure in solutions. Nonideal 
solutions and particularly ionic solutions require special treatment. 

The questions of how far a chemical reaction will go and what per- 
centage of the initial material will be converted into final products under 
various conditions are studied quantitatively with the help of equilib- 
rium constants. 

The presentation of relations between different phases which are in 
equilibrium is illustrated with typical diagrams. The phase rule of 
Willard Gibbs plays an important part in their interpretation. 

Although the problem of how far a reaction will go has been largely 
solved through thermodynamics, little is known concerning the speed 
with which it will go. This subject is considered in chemical kinetics. 
The various expressions for reaction rates and the mechanisms proposed 
to account for the reactions are discussed. 

Much of the latter part of the book is devoted to relations between 
electricity and chemistry. It deals first with the electrical conductivity 
of solutions and with changes occurring at the electrodes when an electric 
current is passed through the cell. Then the electromotive force of 
cells is studied both from a theoretical and a practical standpoint. 
Finally, the chemical behavior of electrolytes is considered. 

When a material is subdivided into exceedingly small units (but 
larger than molecules) and spread through a liquid or other medium, the 
surface area is increased enormously, and the electric charges and the 
attraction for the solvent then become dominating factors and introduce 
important new phenomena. These relations are discussed under colloid 
chemistry. 

A brief introduction to the quantum theory and spectroscopy is neces- 
sary not only for the study of photochemistry but also for the study of 
many other branches of modern chemistry. 
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Molecules usually must be activated by the addition of energy before 
they can react chemically. One of the simplest ways in which they be- 
come activated is through the absorption of light. Therefore, the study 
of photochemistry is important not only in itself but also because 
of the information which it gives about the mechanism of chemical 
reactions. 

Rapid developments have occurred in our knowledge of the structure 
of the atom, particularly with respect to the nucleus. It has been shown 
that the atoms are composed of very dense positively charged nuclei 
surrounded by small negative electrons. The nuclei in turn are com- 
posed of smaller units; protons, which are the nuclei of hydrogen atoms 
and neutrons, which have nearly the same weight as the hydrogen nuclei 
but no charge. 

Extraordinary advances have been made in breaking down these 
nuclei with neutrons and by bombardment with charged particles at 
very high voltages. These advances have led to the production of many 
new isotopes, to a broad extension of radioactivity, and to the pro- 
duction of nuclear energy on a large scale. 

Fundamental Units. The phenomena of chemistry and physics are 
concerned with matter at rest or in motion, with electricity, and with 
radiation. Marked progress has been made in understanding these 
phenomena by visualizing the primary units involved—the atum and 
the molecule of matter, the electron of electricity, and the photon of 
radiation. It has been found experimentally that there are 6.02 x 107° 
molecules in a gram molecule or mole, and this number has become an 
important constant of physical chemistry known as the Avogadro con- 
stant. This constant enables one to predict from the behavior of in- 
dividual atoms, electrons, and quanta what will be the behavior of 
ordinary material. For example, the quantity of electricity called the 
Faraday, which will electrolyze a gram equivalent of ions, is obtained 
by multiplying the charge on the electron by the Avogadro constant. 
This constant, 6.02 X 107’, is so large that it is difficult to visualize. 
Very few practical operations can be carried out in chemistry which in- 
volve less than a millionth of a mole, but even a millionth of a mole con- 
tains almost a billion billion molecules. 

As far as possible in scientific work, measurements are expressed in 
terms of centimeters, grams, and seconds, and their derived units, that 
is, in the cgs system. 

Ergs, the fundamental units of energy, are based on the centimeter, 
the gram, and the second. The centimeter is defined in terms of a 
standard meter bar and the gram in terms of a standard kilogram weight; 
both bar and weight are very exact standards kept in government lab- 
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oratories for reference. The second is defined by means of astronomical 
observations. 

Scientific Method. Chemistry and all other sciences are based on 
experimentally established facts. When a number of facts have been 
collected and classified, we may draw inferences as to the probable be- 
havior of systems under conditions which have not been investigated. 
When a number of phenomena have been observed and studied with 
exact measurements, we can often develop a law which will predict the 
behavior of similar systems under different conditions. The law is not 
necessarily an expression of infallible truth but is rather a condensed 
statement of facts which have been discovered by experiment. It en- 
ables us to obtain facts which are needed without continued recourse 
to experiment. 

Natural laws may be discovered either by the correlation of experi- 
mentally determined facts, as we have just shown, or by means of a 
speculation as to the probable cause of the phenomenon in question. 
Such a speculation regarding the cause of a phenomenon is called an 
hypothesis. After an hypothesis has been subjected to the test of ex- 
periment and has been shown to apply to a large number of phenomena 
it is termed a theory. 

Usually science progresses by inductive reasoning from a few facts, 
follows with deductive reasoning based on the hypotheses, and, finally, 
tests by experimental measurements designed to prove or eae the 
theoretical deduction. 

Many hypotheses are destined to be discarded when new facts and 
more precise data are obtained, but they fulfil a very necessary function 
in the development of science. A successful hypothesis is not necessarily 
a permanent hypothesis, but it is one which stimulates additional re- 
search, opens up new fields, or explains and coordinates previously un- 
related facts. The scientist needs imagination in creating new hy- 
potheses, but he needs also ingenuity and skill in devising experiments 
to test them and critical judgment in evaluating the results. 

The scientific method has been so effective and has made possible such 
an increase in commodities, transportation, communication, medicine, 
warfare, agriculture, industry, and most of the physical aspects of life 
that the scientists have come to have an importance they little envisioned 
in their humble search for facts and theories. With the availability of 
atomic energy they have come to realize that their findings have con- 
sequences which need to be as intelligently controlled out of the lab- 
oratory as within and on a major and world-wide scale. Their concerted 
efforts to educate public and governments in the need of such controls 
represents a new step in human responsibility at a most critical time. 
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CHAPTER II 
THE GASEOUS STATE 


The Behavior of Ideal Gases. The gaseous state is characterized by 
the fact that the molecules are so far apart that they exhibit only slight 
attraction for each other, thus permitting the material to expand and 
fill completely a containing vessel of any size or shape. As a first ap- 
proximation, the physical behavior of a gas is not affected by the chem- 
ical nature of its molecules, and, thus, all gases respond in nearly the 
same way to the variables, pressure, volume, and temperature. 

In an ideal gas there is no interaction whatever between the molecules, 
and the chemical energy of the gaseous material remains unchanged if 
the gas is expanded into a larger volume. 

The relation among the three variables, pressure, volume, and tem- 
perature, in an ideal gas is given by the simple gas law: 


pv = nkT (1) 


where p is the pressure, v is the volume, 7 is the number of moles of gas, 
T is the absolute temperature,* and F is a constant known as the gas 
constant and defined in the following section. 

In the special case where 1 mole of gas is taken, n = 1 and 


the capital V signifying the volume of 1 mole of the gas. 

This gas law is a mathematical formula which expresses the relations 
among pressure, volume, and temperature which have been found by 
experiment. It is shown in a later section, however, that, when the ex- 
perimental measurements are made with high accuracy or at high pres- 
sures, deviations from this simple gas law are found. 

The first experiments on which this law is based were performed by 
Robert Boyle in 1662 who found that at constant temperatures the 
volume of a gas decreases when pressure is applied and that it is in- 
versely proportional to the applied pressure, a fact which can be ex- 
pressed mathematically by the formula: 


k 
(eee (temperature constant) 


* T is used for absolute temperature; ¢ for temperature on the centigrade scale. 
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where k, is a constant. This important relation between the pressure 
and volume of a gas is shown graphically in Fig. 1. The curve plotted 
here is a special case of a hyperbola, sometimes called a reciprocal curve. 
In 1802 Gay-Lussac reported his 
discovery of the relation between the 
volume of a gas and its temperature. 
In unpublished earlier work, Charles 
had found that certain gases expand to 
the same extent when the temperature 
is increased. Interpreted in modern 
terms this law states that at constant 
pressure the volume of a gas is directly 
Oc 2. sal doedG 0 noe proportional to its absolute tempera- 
——~ p (Atmospheres) ture, as given by the formula, 
(T=273.1°) 
“ra. 1. Volume of 1 mole of an ideal 
gas plotted against pressure at con- and by Fig. 2, in which the direct pro- 
Ser ee as portionality between the two variables 
necessarily gives a straight line. The dotted line indicates that many 
gases will liquefy at the lower temperatures and that the relationship 
applies only to material which remains as an ideal gas. 


——V (Liters) 


v =k .T (pressure constant) 


100 200 300 400 


—> T° (Absolute) —— T° (Absolute) 
(P = 1 atmosphere) (V = 22.4 liters) 
Fia. 2. Volume of 1 mole of an ideal Fic. 3. Pressure of 1 mole of an ideal 
gas plotted against absolute tempera- gas plotted against absolute tempera- 
ture at constant pressure. ture at constant volume. 


If the volume is kept constant, it follows that the pressure of the gas 
is directly proportional to its absolute temperature as shown by the 
formula 

4 p =k3T (volume constant) 


and by the straight line in Fig. 3. 


THE GAS CONSTANT L 


The combination of Boyle’s law and the law of Gay-Lussac and 
Charles * leads, as shown in the appendix on page 671, to the expression 


pv = constant X T 


which is equivalent to the general expression for the behavior of an ideal 
gas given in equation 1. 
The Gas Constant. With reference to equation 2, 


pV = RT 


it has been found by many careful experiments, in which corrections are 
made for slight interactions between the molecules, that 1 mole (that is, 
1 molecular weight in grams) of an ideal gas occupies 22.414 liters at 
MC or 273.16° K.y, 


Then 
pV tlatm X 22.414 liters 
gece 273.16° 
= 0.08205 liter-atm degree! mole t (3) 


It should be noted that the molar gas constant has the dimensions of 
energy per mole divided by temperature. The term pV is a form of 
energy because it involves a force acting through a distance. 

The pressure may be changed to dynes per square centimeter by mul- 
tiplying the barometer height, 76 cm of mercury, by the density of mer- 
cury, 13.595 at 0°, and the acceleration of gravity, 980.7 cm per second 
per second. The pressure in dynes per square centimeter multiplied by 
the volume in milliliters gives the work in ergs. Ergs in turn are con- 
verted into joules by dividing by 10’. 


Then 
PY _ 7600 X 13.595 X 980.7 x 22,414 
igri 273.16 X 107 
= 8.314 joules degree! mole! (4) 


* The discovery of these laws and their combination are described by Roseman and 
Katzoff, J. Chem. Education, 11, 350 (1934). 

+C = centigrade scale; K = absolute temperature scale. 7'° K = ¢° C + 273.16°. 
In this book as in much of the literature 7° K is often taken as t° C + 273.1°. If 
the scale is not specified, it is assumed that the centigrade scale is meant. 

tA negative exponent signifies division, whereas a positive exponent signifies 
multiplication. The expression degree! is equivalent to the expression “per 
degree.” ; 
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Joules may be changed into calories by dividing by the conversion 
factor 4.184 absolute joules per caloric. 


14 
R= ee = 1.987 cal degree! mole (5) 
4.184 


In calculations involving the gas laws it is usually convenient to ex- 
press R in liter-atmospheres; in electrochemical problems involving 
volts and coulombs R is best expressed in joules; and in thermochemical 
and thermodynamical problems R usually is given in calories. It is 
necessary to be thoroughly familiar with the different constants and to 
know which units to use in a specified problem and how to convert one 
into another. 

The Avogadro Law. According to Avogadro’s law proposed in 1811, 
equal volumes of gases at the same temperature and pressure contain 
the same number of molecules. This law provided a sure foundation 
for the determination of molecular weights, and it has played an im- 
portant part in the development of physical chemistry. The simple gas 
law, pV = RT, follows naturally from this law, because, if 1 mole of any 
gaseous substance contains the same number of molecules, and these, in 
turn, exert no specific influence on each other, the relations involving 
volume, pressure, and temperature should be the same for all ideal gases 
and approximately the same for real gases. 

The actual number of molecules in a gram molecule or mole has been 
determined accurately in many different ways which are entirely in- 
dependent of each other, and the agreement is excellent. This number, 
6.02 X 103 molecules per mole (that is, per gram molecule) is called the 
Avogadro constant, and it is a fundamental constant of physical chem- 
istry which has many important applications. The experiments on 
which the value of this constant is based are described in later chapters. 

Perrin determined the constant from observation of the random 
motion of small particles; Rutherford, from a determination of the charge 
on the alpha particle from radium; Boltwood and Curie, by direct count- 
ing of alpha particles and by measurement of the volume of helium re- 
sulting from them; and Planck, from an experimental determination of 
the constants of radiation. 

One of the most accurate values is based on Millikan’s classical oil- 
drop experiment in which the charge on the electron was determined. 


The best value* at present is 6.023 X 1073 and is obtained from studies 
of crystals with X rays. 


*This value, together with the best values of other fundamental constants, is 
given on page 699. ’ 
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The weight of a single atom or molecule is obtained by dividing the 
respective atomic or molecular weight by the Avogadro constant. For 
example, the weight of an atom of hydrogen is 1.008/6.02 x 1023 = 
1.67 X 10~** g; and the weight of a molecule of hydrogen chloride is 
36.46/6.02 X 1073 = 6.06 X 10773 g. 

Gas Density and Molecular Weight. The density of a gas is defined 
in physical chemistry as the weight in grams of 1 liter. The densities 
are useful in calculating molecular weights. According to Avogadro’s 
law, it should be possible to determine the molecular weight of a gaseous 
substance by weighing a mole of the gas and comparing it with the weight 
of a mole of some other gas of known molecular weight taken as a stand- 
ard. Since oxygen has been taken as the standard of atomic weights and 
assigned an atomic weight of 16, and since there are two atoms in a 
molecule of oxygen the molecular weight of gaseous oxygen is taken as a 
standard of 32. 

It has been found that at standard conditions, namely, at 0° and 
760 mm pressure of mercury, 32 g of oxygen occupies a volume of 22.414 
liters after correction for the deviation from the ideal-gas laws. To de- 
termine the molecular weight of a gas it is only necessary then to find the 
weight of 22.414 liters of the gas at 0° and 760 mm of pressure and to 
make minor corrections for the departure of the gas from the behavior 
of an ideal gas. A mole of gas is too large to weigh accurately but a 
measurement may be made on a smaller quantity at any pressure and 
temperature and converted to the weight of a mole under standard con- 
ditions, using the simple gas law. 

For example, if g grams of a gas is taken instead of M grams (M being 
the molecular weight in grams), then, g/M represents the number of 
moles taken, which is defined in equation i asm. Then, 


eR = RT = = <0.08205T: (6) 
M M 


In using this equation, since R is given in liter-atmospheres, it is necés- 
sary to convert the pressure p into atmospheres and the volume »v into 
liters.* If the pressure is expressed in millimeters of mercury, the value 
must be divided by 760. With this formula, any one of the quantities, 
pressure, volume, and temperature, can be readily calculated when all 
the others are known. 


*In physical-chemical calculations it is always necessary to be sure that the 
quantities entering a formula are expressed in the correct units. 
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Example 1. Calculate the volume occupied by 10 g of carbon dioxide at 740 
mm pressure and 30° if it is assumed that, the ideal-gas law holds. 


agit 10 


= 08205 X 303.1 = 5.80 lit 
pM ~ (43)44.01 x 0.0: x ers 


v 


In the Regnault method for determining the molecular weight of a gas, 
a glass bulb is weighed when completely evacuated and again when filled 
with the gas. The volume is obtained by weighing it when filled with 
water. A second bulb of the same size is used as a counterpoise to avoid 
troublesome corrections for air buoyancy and moisture. Exact weigh- 
ing of large bulbs is difficult. 

The work of Baxter and Starkweather ¢ is a classic example of the use 
of this method. These authors weighed five samples of gas in two dif- 
ferent 2-liter globes with an average reproducibility of 3 X 107° of the 
weight of the gas content. 

The Victor Meyer method is convenient for the approximate deter- 
mination of molecular weights of substances that can be weighed in the 
liquid state, thus avoiding the weighing of large vessels. A weighed 
quantity of liquid in a glass bulblet is evaporated in an air-filled tube 
heated to a constant temperature. An equivalent volume of air is driven 
out and measured with a gas buret at known pressure and temperature. 


Example 2. In a Victor Meyer apparatus the evaporation of 0.0845 g of 
liquid ethanol (C2H;OH) expelled 45.3 ml of air as measured in a mercury buret 
at 21.5° and 741 mm. What is the molecular weight of ethanol calculated 
from these data? 

_ gRkT _ 0.0845 X 0.08205 X 294.6 
vex eee 741.0 a 


2 760.0 xX 0.0453 


46.2 


The molecular weights calculated by equation 6 are usually too high 
(often by 1 or 2 per cent) because most gases show deviations from the 
simple gas law. More exact calculations can be made, as is shown pres- 
ently; but an approximate value of the molecular weight is sufficient to 
enable one to choose between the formula weight, obtained by chemical 
analysis, and some simple multiple of it. For example, even a rough 
determination is sufficient to distinguish among C3H;0, CeHy00s, or 
CoH 503. 

Behavior of Real Gases. Whereas the behavior of ideal or perfect 
gases is given exactly by the simple relation, pV = RT, the behavior of 
most real gases, especially at high pressures or low temperatures, can be 
described only with more complicated formulas. 


{ Baxter and Starkweather, Proc. Natl. Acad. Sci. U. S., 12, 703 (1926). 
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This situation is frequently encountered in the development of phys- 
ical chemistry. It is often necessary to start with the formulation of 
simple laws which apply strictly only to idealized systems; then, the 
actual systems are investigated and deviations from the ideal behavior 
measured and fitted by mathematical formulas; and, finally, the causes 
of the deviations are explained. 

- Pressure-volume data for three common gases at 0° are shown in 
Table I, where the pressure p is given in atmospheres, and the volume 
V in liters occupied by 1 mole. If the gases were ideal and the simple 
gas law applicable, the product of pressure and volume should be equal 
at all pressures to 22.414 liters. The table shows that this product (pV) 
is far from being constant and that it varies greatly for different gases. 
Even at 1 atm there is a slight departure from the behavior of a perfect 


gas. 
TABLE I 


PRESSURE-VOLUME RELATIONS OF GASES aT 0°1 


Hydrogen Oxygen Carbon Dioxide 
p 

V pV V pV V pV 

1 22.428 22.43 22.393 22.39 22.262 22.26 
50 0.4634 23.17 0.04675 2.338 
100 0.2386 23.86 0.2075 20.75 0.04497 4.497 
200 0.12712 25.42 0.10234 20.47 0.04285 8.570 
300 0.09004 27.01 0.07184 21.55 0.04152 12.46 
400 0.07163 28.65 0.05887 23.55 0.04051 16.20 
600 0.05318 31.91 0.04736 28.42 0.03894 23.36 
800 0.04392 35.14 0.04207 33.66 0.03779 30.23 
1000 0.03837 38 . 37 0.03886 38.86 0.03687 36.87 


1 Volume in liters; pressure in atmospheres. 


The influence of higher pressures is brought out clearly in Fig. 4 
where pV is plotted against pressure extending out to high pressures. A 
low value of pV indicates that the gas is more compressible. All gases 
show a minimum in a pV curve unless the temperature is too high. Hy- 
drogen and helium, which have very low boiling points, exhibit this 
minimum only at temperatures much below 0°. 

The departure from ideal behavior is brought out still more clearly 
by plotting pV/RT against pressure, as is done for nitrogen in Fig. 5. 
The influence of temperature as well as pressure on the departure from 
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ideal behavior is then obvious. The values of pressure, volume, and 
temperature are determined experimentally. For a perfect gas pV/RT 
should have a value of unity under all conditions. The behavior of 
nitrogen is typical of all gases. It is more compressible than a perfect 
gas at low pressures and less compressible at high pressures; and the 
departure from ideal behavior becomes less at high temperatures and 
low pressures where the molecules are kept farther apart. 
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Fic. 4. Influence of high pressures on fF ia. 5. Influence of high pressures on 
the product of pressure and volume for the quantity pV/RT for nitrogen. 
typical gases. 


The Critical Temperature. At sufficiently low temperatures a gas 
may be made to liquefy by applying pressure, thus reducing the volume 
and bringing the molecules close enough together so that the attractive 
force between them will be effective. All gases have been liquefied in 
this way. However, there is a temperature above which it is impossible 
to liquefy the gas no matter how great a pressure is applied. This tem- 
perature is called the critical temperature; and the minimum pressure 
necessary to bring about liquefaction at the critical temperature is 
called the critical pressure. The volume occupied by a mole of gas or 
liquid at the critical temperature and pressure is called the critical 
volume. 

The significance of the critical temperature is shown in Fig. 6 in which 
pressure is plotted against volume for 1 mole of carbon dioxide at the 
several temperatures indicated on the graph. 

Lines on a graph which refer to a specified constant temperature are 
called zsothermals. At 48.1° the pressure-volume curve is a reciprocal 
curve similar to that shown in Fig. 1 for an ideal gas. At 35.5° there is 
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_ a nick in the curve showing that in the neighborhood of a pressure of 82 
_ atm the gas is deviating considerably from the behavior of an ideal gas 
and the molecules are close enough to exhibit some attraction for each 


80.0 


70.0 


Pressure (atm) 


Volume in liters of one mole 


Fia. 6. Pressure—volume curves for carbon dioxide showing the critical temperature 
and pressure. Van der Waals’ calculation shown at W. 


other, thus making the over-all volume of the gas smaller than that of 
an ideal gas in which no such attraction exists. 

At all temperatures below 31.0° the curves exhibit theoretically hori- 
zontal sections as shown by isothermals at 21.5° and 13.1°. These hori- 
zontal lines indicate that an infinitesimal increase in pressure causes a 
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very large decrease in volume, owing to the fact that the gas is liquefying. 
At the right of the diagram gas alone is present, and the curves follow 
the simple-gas law approximately; at the extreme left liquid alone is 
present, and since the liquid is much less compressible than a gas, the 
curve is steeper than that for the gas. Along the straight horizontal 
part of the curve both gas and liquid exist together. This region in 
which gas and liquid are coexistent is enclosed by the dotted line, the 
maximum point A of which gives the critical temperature, critical pres- 
sure, and critical volume. The wavy line W is discussed on page 17. 


TABLE II 


CriticaL ConsTaNts AND BorLtinG Points oF GASES 


Tpp Te 1 Pe Ve Tur’ 
Oe (oq) |) @Ky. | 3? 72! ~Gimt—leGmipmole)| EC fee 
He 4.2 5 2te O81 2.25 61.5 0.9 |- 3.08 
Hy 20.4 | 33.2 | 0.61 12.8 69.7 14.0| 3.05 
Nz 77.8 i256 01 FOr 6! 33.5 90.0 63.2| 3.42 
CO 81.1 | 134.4] 0.60 34.6 90.0 66.1| 3.54 
A 87.4) 150273-70.58 48.0 veal 83.9| 3.35 
Oz 90.1 | 154.3] 0.58 49.7 74.4 54.7| 3.42 
CH, 111.7] 190.2] 0.59 45.6 98.8 Soi) 3.47. 
NO 122-1) 177.) 0-69 64 yf jammee o B W y 
CoH, 169.3 | 282.8] 0.60 50.5 126 103.7.| 3.64 
HCl 188.1] 324.5 | 0.58 81.6 87 16251 | 3.75 
CoHe 189.5 | 308.6 | 0.61 61.6 113 191-3] 1°3764 
CO. 194.6 | 304.2] 0.64 728 G12 Eee 3.64 
HS 213.5 | 373.5 | 0.57 SS. 9. rete 1002.) ieee 
Cl, 233 755 7e Te ORS 76.1 123 171.5 | — 3.64 
NH; 239.7 | 405.5] 0.59 | 112.2 72.0 = 105140 | te 
SO» 263.1 | 430.2] 0.61 77.6 125 200.4] 3.64 
n-CcHus 342.1 | 507.9] 0.67 29.6 367 178.8 | 3.83 
CCk 349.9 | 556.2] 0.63 45.0 276 250.1| 3.68 
CsH;OH | 351.6 | 516.2) 0.68 63.0 167 155.8 | 4.02 
CoH 352.7 | 561.6 | 0.63 47.9 256 ak oll pur ek Bees 
H.0 Bia. 6475.1, -O.58 | 2tter 56.6 | 273.1| 4.39 
n-C7Hi¢ 371.5 | 540 0.69 27.0 416 183.1] 3.95 
CH;COOH | 391.2 | 594.7] 0.66 57.1 171 289.7 | 4.99 
n-CsHig _—| 397.7 | 570 0.70 24.7 490 216.6 | 3.86 
Hg 630.0 | 1735 0.36 | 1042 40.1 | 234.2| 3.40 


1 The melting points Typ and ratios of boiling point to critical temperature T'pp/7'- 
given in these columns are not involved in the present discussions but are included 
for reference in a later chapter. 
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All gases give curves similar to those shown in Fig. 6 and exhibit 
critical temperatures below which it is possible to produce liquefication 
by application of sufficient pressure. 

In Table II the critical temperatures 7’, pressures p,, and volumes 
VY, are given for several of the common gases, arranged in order of in- 
creasing boiling points. 

Several of the substances given in the table are liquids at room tem- 
perature, but they become gaseous at sufficiently high temperatures. 
Gases which are below their critical temperatures are often called vapors. 
The pressure—volume—temperature relations are approximately the same 
for all gases, and, since at the critical temperatures the liquids become 
indistinguishable from the corresponding gases, the p-V-T relations 
for all liquids should be the same if the liquids are compared at their 
critical temperatures. That this relation holds approximately is seen 
by examination of the last column where the value of RT./p.V, is found 
to be about 3.5 for many substances. With the exception of a few 
liquids such as water, ammonia, alcohols, and organic acids, which are 
abnormal as explained in a later chapter, this value varies from 3 to 4 
over a range from 4° to 630° K. 

Equation of van der Waals. Van der Waals in 1879 made an early 
attempt to introduce additional terms into the simple gas equation and 
thus give an expression which describes more exactly the behavior of 
real gases. An examination of Figs. 4 and 5 reveals the fact that at low 
pressures real gases may be more compressible than an ideal gas and 
that at high pressures they may be less compressible. The tendency to 
be more compressible is due to the fact that the molecules have some 
attraction for each other and tend to draw together. The tendency to 
be less compressible is probably due to the fact that the molecules of the 
gas are less compressible than the gas itself, and the volume of the 
molecules themselves becomes an appreciable part of the total volume 
when the pressure becomes high and the total volume small. 

Van der Waals put these ideas into a general equation as follows: 


(p+) -» =RF (7) 


The constant a expresses the fact that a force of attraction exists be- 
tween two molecules of the gas. The total forces exerted between two 
small neighboring regions of gas will depend on the number of mol- 
ecules in the region. The larger the volume holding 1 mole of gas, the 
fewer are the molecules in a given region and the less the attraction. 
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The attraction from one region then varies inversely as the volume, and 
in the other region it also varies inversely as the volume. The total at- 
traction between two small regions then is inversely proportional to the 
product of the two, that is, to V’. 

Since the force of this attraction a/V? augments the pressure in tend- 
ing to make the volume small, it is added to the term p. 

The term b is connected with the volume of the molecules themselves, 
and so it is subtracted from the total volume V to give an effective com- 
pressible volume. The volume b appears to have a value about four times 
the volume occupied by the molecules themselves if they are considered 
to be simple spheres. 

When V is large both b and a/V” become negligible; and the van der 
Waals equation reduces to the simple gas equation, pV = RT. In gen- 
eral, all gases tend to become ideal at low pressures and approach ane 
behavior given by the simple gas law, pV = RT. 

Van der Waals’ constants for a few additional gases are listed in 
Table III.* They can be calculated from physical-chemical measure- 
ments as shown later on page 18. 


TABLE III 
VAN DER WAALS’ CONSTANTS 


Units: liters, atmospheres, moles, degrees absolute 


a b a b 
Gas | (liter? atm (liters Gas | (liter? atm (liters 

mole”) mole—}) mole”) mole!) 
C.He 4.390 0.05136 CO 1.485 0.03985 
NH3 4.170 0.03707 Cle 6.493 0.05622 
CeHe | 18.00 0.1154 Hye 0.2444 0.02661 
CH, 2.253 0.04278 HCl 3.667 0.04081 
CO, 3.592 0.04267 Oo 1.360 0.03183 
CoH. 5.489 0.06380 SO» 6.714 0.05636 
CoH, 4.471 0.05714 No 1.390 0.03913 
He 0.03412 0.02370 H.O 5.464 0.03049 
NO 1.340 0.02789 NO: 5.284 0.04424 


The values of a are given here in liter? atm mole~?, but sometimes they are ex- 
pressed in cc instead of liters giving cm® atm mole~®. The values of b also are some- 
times given in em* per mole instead of liters per mole. 


* Lange, “Handbook of Chemistry,” Handbook Publishers, Sandusky, Ohio, 1941. 
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Example 3. Calculate the pressure exerted by a mole of sulfur dioxide in 10 
liters at 100° using (a) the ideal-gas law and (b) van der Waals’ equation. 


Vi << O0S205ectaoel 
ars 10.00 - = 3.061 atm 


REA —-@ __ 0.08205 x 8738.1 _.6.714 
V—b V? ~~ 10.00 — 0.0564 ~ 100.0 


3.012 atm 


(a) p= 


(6) p= 


The attractive force between molecules which gives rise to the term 
a/V” in van der Waals’ equation, is responsible not only for the devi- 
ations from the gas laws at ordinary pressures but also for the con- 
densation of gases to liquids, for certain types of solubility, and for many 
physical and chemical phenomena. It is electrical in character; for, al- 
though the molecules are uncharged, they contain within them positive 
and negative parts which can induce electric charges in a neighboring 
molecule, and these charged parts of molecules then attract oppositely 
charged units in their vicinity and tend to bring the molecules closer 
together. 

Van der Waals’ equation has been very successful in expressing the 
behavior of gases at atmospheric pressure and up to a few atmospheres, 
but it is inadequate for calculating the properties of gases under high 
pressures. It has been useful in the theoretical studies of the behavior 
of gases. 

There is an interesting relationship between the van der Waals con- 
stants, a and b, and the critical constants T,, p., and V,. Multiplying 
out the terms in van der Waals’ equation 7 and rearranging in descend- 
ing powers of V, we have 


} F Rk a ab 
Vv? —V bal IB Binet hac (8) 


This cubic equation has three possible solutions, each value of p giving 
three corresponding roots of V. The terms, a, b, &, and 7, are con- 
stants. This equation is shown graphically by the dotted line W on the 
21.5° isothermal in Fig. 6 where the three values are evident as three 
intersections B, C, and D on the horizontal line corresponding to a fixed 
value of the pressure. This dotted calculated line then appears to give a 
continuous transition from the gaseous phase to the liquid phase, but in 
reality the transition is abrupt and discontinuous, both liquid and vapor 
existing as indicated along the straight horizontal lines. ‘This theoretical 
dotted line DWCWB does not correspond to normal physical conditions; 
for example the slope of the curve at C’ is positive, a fact which would 
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lead to the unnatural condition that an increase in pressure produces an 
increase in volume. However, it is possible to supersaturate the vapor 
and have pressures of gas in an unstable condition represented by the 
beginning of the dotted line DW, before the vapor has a chance to liquefy 
and bring the pressure down to that of the horizontal line. At the 
critical temperature (31.1° for carbon dioxide) all three values of V 
obtained by solving equation 8 take on real values, and all are the same 
and equal to the critical volume. In terms of the graph the three values 
of V coincide in a point A, the critical volume. 

It can be shown by solving equation 8 (appendix, page 672) that 
a = 3p.V.2, that b = V,/3 and that R = $(p.V./T.), where p., Ve, 
and 7’, are the values at the critical point. In fact this is one of the ways 
of evaluating van der Waals’ constants a and b. 

If, in the equation of van der Waals, the values of p, V, and T are ex- 
pressed as fractions a, 8, and y of the corresponding critical values, then 
p=ap,.; V = BV,.; and T = yT,. Substituting these values of p, V, 
and T into van der Waals’ equation 7 gives 


a 
aDe + 5) V.—b)=RyT,. 
( Pp avo (6 ) Y 


and, agai substituting the values of a, b, and R just given into this 
equation, we have 


53 
(« + =) (38 — 1) = 8y (9) 


In equation 9, sometimes called a reduced equation of state, every- 
thing connected with the individual nature of the substance has van- 
ished, thus making it theoretically applicable to all substances in the 
liquid or gaseous state in the same way that the fundamental gas equa- 
tion is applicable to all gases, irrespective of their specific nature. This 
equation is only a rough approximation and does not apply at all satis- 
factorily to liquids. It is useful, however, in pointing out that, when 
nonideal gases are compared, not at equal temperatures, but at tem- 
peratures which are equal fractions of their critical temperatures, some 
of the properties due to the specific chemical nature of the gas will dis- 
appear, and the comparisons of physical properties will be more signif- 
icant. 

Other Equations of State. An equation which gives the relations 
among the pressure, volume, and temperature of a gas is called an equa- 
tion of state. The equation of van der Waals is mathematically incon- 
venient to use in certain types of problems because it involves the solving 


OTHER EQUATIONS OF STATE 19 


of a cubic equation. The following equation, developed by Berthelot, 
is useful at moderate pressures: 


RT E a Be: (1 6 oy (10) 
v=N (he 
. 128 p. T 1? 


In this equation p, is the critical pressure and 7’, the critical tem- 
perature (page 14). Inspection of the equation shows that, as 7 in- 
creases or as p decreases, it approaches the simple equation pv = nRT 
expressing the behavior of an ideal gas. The values of the ratio pu/RT 
calculated by means of this equation agree closely with those deter- 
mined experimentally, provided the gases are neither associated nor 
dissociated and are sufficiently removed from their liquefaction tem- 
perature and pressure. 

Other empirical equations of state * are necessary to meet the de- 
mands for greater accuracy in industrial chemistry where catalytic re- 
actions are carried out under high pressure. They involve more con- 
stants and are more cumbersome to use. The Beattie—Bridgman equa- 
tion with five constants, given in the appendix on page 673, is among the 
more exact equations for use at high pressures. 

According to another equation, known as the virial equation, the 
deviation from the behavior of an ideal gas at a given temperature is a 
function of the pressure as shown in the following equation. 


pV = RT + Bo+ Cp? + (11) 


where the constants B, C --- are evaluated from experimental p-V—T 
data. The most important constant B can be connected with certain 
physical and chemical properties of the gas. This equation is finding 
increasing application in both theoretical and practical work. 

The chart shown in Fig. 7 developed by Hougen and Watson} takes 
advantage of the simplifications introduced by expressing the tem- 
perature and pressure as fractions of the critical values and permits one 
to calculate easily the p-V—T relations for any gas when the critical 
temperature and pressure are known. It is particularly valuable for cal- 
culations at high pressures when other data for the equations of state 
are not known. In this chart the expression pV/RT sometimes called 
the compressibility factor, is plotted against the reduced pressure p/p, 
for different reduced temperatures T/T,. Large charts accurately 
drawn with more values of the reduced temperatures are available. 


* Woolsey, J. Chem. Education, 16, 60 (1939). 
+ Hougen and Watson, “Industrial Chemical Calculations,” John Wiley & Sons 


New York, 1946. 


‘gomssord ySry 4B suoTyRpor onyesodur0} pus ‘ournjoa ‘ornssord SuryelMo[wo OJ yreyO UosyeA, puw UosNOH *f “OY 


aansseig poonpery 
08 02 ORCL 8k) 29) 8 v € ig oT 8017090 30 ¥'0 £0 30 TO 


oO 


80 


= 
: 
Oo 


1 
> 
o 


wo 
° 
o 


THE GASEOUS STATE 


on woh 
nocd 
LY/A® r0joVq AppIqQIssordurop 


20 


EXACT MOLECULAR WEIGHTS 21 


Example 4. With the Hougen and Watson chart, estimate the volume 
occupied by a mole of oxygen at —88° C and 44.7 atm. The critical temperature 
and pressure are found in Table II. 


[PPI S | = '88.0 
foe ePN TSAIgRe TURD ial gary aan oe 


From the chart, pV/RT = 0.80. 


ee 0.80RT _ 9.80 X 0.08205 < 185.1 


= 447 = 0.272 liter 


The different equations of state are compared in Table IV. 
TABLE IV 
pV/RT vor Nrirrogen at 1000 ATMOSPHERES 


Hougen and 


Temperature | Observed | Ideal | Van der Waals | Berthelot 
Watson Chart 


OG 2.0632 1.0000 2.426 0.731 2.10 
50°C 1.9285 1.0000 2.182 1.071 1.95 


The decision as to which equation of state should be used depends on 
the amount of data available and the purpose of the study. If one de- 
sires to fit the data with great accuracy over large pressure ranges the 
virial equation is recommended because of its flexibility. Such an equa- 
tion is really a condensed summary of the data. It requires a different 
set of constants for each temperature and it becomes very cumbersome 
for practical application. The Beattie-Bridgman equation, with five 
or six adjustable constants, is useful for practical purposes since it can 
be made to fit the data with reasonable accuracy over a considerable 
temperature and pressure range, but often it is not exact beyond 200 
atm. 

For pressures up to a few atmospheres very satisfactory results are 
obtainable with the equation of van der Waals or Berthelot if the critical 
temperature and pressure are known. The Hougen and Watson chart 
gives very good results even up to pressures of several hundreds of at- 
mospheres. 

Exact Molecular Weights. When values of the molecular weights 
more exact than those obtainable by the simple gas-law calculation are 
necessary, determinations may be made at lower and lower pressures, 
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usually by the Regnault method. The deviations from the simple gas 
law become less at the lower pressures and approach zero, but serious 
experimental difficulties are involved in weighing a large volume of gas 
at a low pressure. Precise measurements of densities at several low 
pressures can be used to determine the atomic weights of the elements 
which make up the molecule, with an accuracy as great as that obtain- 
able by chemical analysis. This method is called the method of limiting 
densities. 

As the pressure decreases, the volume increases, and the weight per 
liter decreases. The density d defined by g/v decreases; but the ratio of 


2,31 


2.30 


Density 
Pressure 


2.27 


2.26 


0 es Y, x, 1 
Pressure of Methyl Chloride in Atmospheres 


Fic. 8. Determination of molecular weight by extrapolation of density/pressure to 
zero pressure. 


density to pressure d/p or g/vp should remain constant if the gas is per- 
fect, since pv is constant and the total weight g remains unchanged. For 
ordinary gases, however, the ratio of density to pressure is not constant 
but decreases as the pressure decreases, as shown in Fig. 8. 

For permanent gases it has been found that practically a straight line 
is produced when d/p is plotted against p at pressures below 1 atm. The 
straight line is extrapolated beyond the region of experimental measure- 
ments until it intersects the Y axis where p = 0. The intercept can be 
obtained mathematically from the data without graphing. Gases which 
liquefy at fairly high temperatures show greater deviations, and the 
straight-line relation does not hold. More complicated mathematical 
formulas may then be necessary for the extrapolation.* 

Since the deviations from the ideal-gas law approach zero as the 


* Birge and Jenkins, J. Chem. Phys., 2, 167 (1934). 
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pressure is reduced, the exact molecular weight M is given by the equa~ 
tion, 
d 
M={(—) RT (12) 
P/0 


where (d/p)o is the ratio of density to pressure extrapolated to zero 
pressure. 


Example 5. Calculate the molecular weight of methyl chloride and the 
atomic weight of chlorine from the following data, having given the atomic 
weights of carbon and hydrogen: 


Pressure, 

atmospheres 1 2 4 4 = 
Density at 0°, 

grams per liter 2.3074 1.5263 1.1401 0.75713 0.56660 


The extrapolated ratio of density to pressure at 0° is 2.2528 as shown in Fig. 8. 
Then M = 2.2528 X 0.082054 X 273.16 = 50.495. 
If we subtract from 50.495 the atomic weight of carbon, 12.010, and three 
times the atomic weight of hydrogen, 3.024, a value of 35.461 is obtained for the 
atomic weight of chlorine. The accepted value is 35.457. 


Exact molecular weights can be obtained with the help of Berthelot’s 
equation or other suitable equations of state, and they are sufficiently 
accurate to be used for the calculation of atomic weights over limited 
ranges. 


Example 6. Calculate the atomic weight of nitrogen from the fact that the 
density of nitric oxide, NO at 0° and 760 mm is 1.3402 g per liter. The critical 
constants are 177.1° K and 64 atm. 

Calculating the molecular weight M by Berthelot’s equation gives 


pees (pee Eeilnlc ig ZO | 


pv 128 p, T T? 
__ (1.3402)(0.082054) (273.16) [ ‘ Cea anil a ey 
io ia 128 64 273.16 273.16? 


= 30.039[1 — 1.08 X 107%] = 30.005 


The atomic weight of nitrogen = 30.005 — 16.000 = 14.005. The accepted 
atomic weight of nitrogen is 14.008. In calculations of this type when the 
correction term is small, it is sufficient to calculate the correction term approxi- 
mately with a slide rule. 


Abnormal Densities. The molecular weights of a great many sub- 
stances have been determined by measurements of the density of the 
gas. Generally, they agree with the molecular weights obtained from 
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the sum of the atomic weights. Difficulty, however, was encountered 
with a few substances whose molecular weights seemed abnormal. The 
experimental results were in error, Avogadro’s hypothesis was not 
universally applicable, or some new phenomenon was entering in. This 
situation arises frequently in the development of science. Exceptions to 
a general law are found, and for a time the fate of the whole law is un- 
certain. More exact experiments or slight corrections (such as were 
shown for the gas law) may save the law, or perhaps it may have to be 
discarded or modified. In these cases the difficulty was traced to the 
fact that some of the gases dissociated or broke down into smaller units 
or that they associated into multiples of the molecular weight. 

The molecular weight of sulfur below 500° * corresponds to the formula 
Ss; at 1100° it corresponds to S2; and at intermediate temperatures it 
may correspond to 84 or Sg or a mixture of the various forms. Iodine 
gives I, from 200 to 600°; but at 1400°, and above, it has half the density 
and corresponds to monatomic molecules. At intermediate temperatures 
all densities between these two values can be obtained. Arsenic oxide, 
aluminum chloride, phosphorus chloride, ammonium chloride, and var- 
ious other substances dissociate in a similar manner, particularly at high 
temperatures. 

Decreasing molecular weights at higher temperatures are due to dis- 
sociation of the molecules into smaller molecules. Since the original ma- 
terials are obtained on cooling, the breaking down into parts must be 
reversible. One of the earliest substances to be studied in this con- 
nection was ammonium chloride. It was suspected that the low molec- 
ular weight was occasioned by the reaction. 


NH.Cl = NH, + HCl 


the ammonia and hydrochloric acid at the high temperature occupying 
twice the volume of ammonium chloride vapor and giving half the 
density, when dissociation was complete. This interpretation was 
proved to be correct when it was shown that the heated vapor contained 
an alkaline gas NHs and an acid gas HCl which could be separated by 
fractional diffusion through a porous plug of solid ammonium chloride. 
The gas diffusing through the plug turned litmus paper blue. It is shown 
on page 28 that gases of low molecular weight diffuse more rapidly than 
those of high molecular weight. 

Use is made of these experimentally measured densities in calculating 
quantitatively the extent of the dissociation of the heavier molecules 
into lighter ones, as shown on page 259. 


* As already explained, centigrade scale is meant. unless otherwise specified. 
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The Kinetic Theory. According to the kinetic theory, the molecules 
and atoms of any substance are in a constant state of motion at all tem- 
peratures above absolute zero. When heat is supplied to any material, 
for example, by contact with a warmer body, by a chemical reaction, or 
by absorption of radiation, the molecules move faster, and the temper- 
ature rises, unless prevented by some other heat-absorbing process. The 
molecules are restricted in their movement by attractive forces which 
hold them near a fixed position in solids and, to a lesser extent, in liquids, 
so that the motion corresponds to a molecular vibration rather than to 
a flow of matter. As the temperature increases, the vibrations in the 
solid or liquid become more vigorous until finally the kinetic energy of 
the fastest-moving molecules is sufficient to cause the molecules to break 
away from the other molecules and enter the gaseous state—that is, the 
substance vaporizes. 

The molecules in the gas thus formed do not vibrate in the neighbor- 
hood of a point as they did before, but they are completely separated 
from each other and move in straight lines with an average velocity 
which increases as the temperature of the gas increases. The volume 
occupied by the molecules of the gas themselves is much smaller than the 
volume of the containing vessel which they fill, and, accordingly, a 
molecule moves for considerable distances before it collides with one of 
its neighbors. The average distance through which the molecules move 
between collisions is called the mean free path. 

The combined effect of the impacts of the molecules on the walls of 
the containing vessel accounts for the pressure exerted by the gas. When 
these walls are moved outward by a gas and the gas expands against an 
external pressure, it does work at the expense of the kinetic energy of its 
molecules. If the gas is insulated, this loss of kinetic energy will slow 
down the motion of the molecules and produce a cooling effect, but, if 
it is in good thermal contact with its surroundings, heat will flow in and 
offset the loss of kinetic energy so that the temperature remains con- 
stant. 

The molecules of a gas undergo an enormous number of collisions with 
other molecules, and their direction and velocity is constantly changing 
in arandom manner. The distribution of velocities in a group of mole- 
cules has been determined mathematically by Maxwell! and Boltzmann 
and used in a number of different calculations, as discussed later on pages 
368 and 678. In the present chapter the kinetic theory is used with 
simplifying assumptions to develop a simple equation which is important 
in describing the quantitative behavior of gases. 

Referring to Fig. 9, we may imagine that in this cube, which has a 
length of 1 centimeters, there are n molecules each having the mass m. 
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The temperature of the gas remains constant. We will assume that the 
molecules are very small compared with the distances between them, 
that there are no forces of attraction between the molecules, and that 
the collisions of the molecules with each other and with the sides of the 
box are perfectly elastic (that is, that no energy is used up inside the 
molecule by rearrangements of its parts). The molecules are moving 
with widely different velocities but we may take one velocity as char- 
acteristic of all the molecules at the specified tem- 
perature of the imaginary experiment. We might 
take the average velocity, but it will be remembered 
from experiments in physics on the resolution of forces 
that it is more significant to use the root-mean-square 
velocity. In the present case the root-mean-square 
velocity is the square root of 1/nth of the sum of the 


Fic. 9. Imaginary squares of the individual velocities of all the n 
cube used in the molecules. 


derivation of the 3 ae F 5 
uehC cama conten As a result of their collisions with each other inside 


= Inn. the box, the molecules will be moving sometimes in 
one direction, sometimes in another; since these di- 


rections may be resolved along three different axes at right angles to | 


each other, it may be supposed that one third of the molecules are 
moving always in the direction perpendicular to the wall A. 
Considering the collisions of molecules with A, a molecule will strike 
A every 2l centimeters as it moves back and forth across the box. If 
its velocity is wu centimeters per second, it will collide w/2l times per sec- 
ond with A. Since the collisions are perfectly elastic, the molecule will 
rebound with velocity —u, having suffered no loss in kinetic energy. 
Since momentum is defined as the product of mass and velocity, the 
momentum before collision is mu and after collision is —mu; so that the 
change in momentum per collision per molecule is 2mu. There are u/2l 
collisions per second; so the change in momentum per molecule per sec- 


ond is mu*/l. The total change in momentum per second for the n/3 
2 


molecules which can collide with A is ae ; this represents the average 


force on A, since force may be defined as the change in momentum per 
second. Pressure is force per square centimeter, and so the pressure p 
on the area A, or [’, is 

force nmu? 1 


ayo ae i) 
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But the volume v of the box is /?, and we have 


De ae ) 
or 
pv = 4nmu? (15) 


This is the fundamental equation of the kinetic theory of gases which 
finds frequent application in physical chemistry. It is not restricted to 
gases in a cubical vessel, because any vessel may be considered to be 
made up of a large number of small cubes for each of which this deriva- 
tion applies. It must be remembered, however, that the equation applies 
strictly only to ideal gases in which there is no attraction between the 
molecules and no internal loss of energy on collision. It can be applied, 
however, with fair accuracy to most real gases. 

Equation 15 may be rewritten in the form, 


pv = (3)5nmu? = % total kinetic energy (16) 


since the kinetic energy of a moving body is $mu?. Inasmuch as the 
kinetic energy of the molecules depends on the temperature, it will re- 
main constant at constant temperature. According to equation 16 then 
pv is constant at constant temperature—and we have thus derived 
Boyle’s law. 

An expression may be deduced also from the fundamental kinetic 
equation which is equivalent to Avogadro’s law. 

For one gas, 

poe ZMyMUy” 


and for another gas of different molecular weight, 
IY = FNgMgUy” 


so 
1 2 
nym” = BloMgue (17) 


At the same temperature the kinetic energies are assumed to be equal: 
gmyuy” = ZMgUy” (18) 


If equation 17 is divided by equation 18, several quantities cancel out, 
and we have 

Mm = No (19) 
This equation shows that, at equal temperatures, pressures, and volumes, 
the number of molecules in each gas is the same—provided that the gases 
are ideal and that the conditions assumed in the derivation of equation 


15 apply. 
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Velocity of Molecules. If the fundamental kinetic equation is solved 
for u and mn is taken equal to the molar weight M for one mole, we have 


Pp pli. geese eae (20) 


Example”. What is the root-mean-square velocity of a molecule of hydrogen 
at 0°? 


3RT _ AP X Bald fe 10" 


u 5016 = 1.84 xX 10° cm sec? 


UU = 
In this calculation R is taken in ergs per degree per mole in order to have 
consistent units in the cgs (centimeter-gram-second) system. 


It is seen that on the average a hydrogen molecule at 0° travels at a 
rate faster than a mile per second, but it travels only an exceedingly 
short distance before colliding with another molecule and starting off in 
a different direction. 

This derivation, like all those depending on the relation pV = RT, is 
exact only for perfect gases. Even if the expression V3pV/ mn is used, 
the answer still may be erroneous (perhaps to about 1 per cent) because 
in the derivation an ideal gas was assumed with no attraction between 
the molecules. 

Relative rates of diffusion and molecular weights may be estimated 
from the fundamental kinetic equation. Since the density d of a gas is 
equal to the mass divided by the volume, d = mn/V; 


1 Pt _ ae 


mn d 


If the pressure and temperature of two different gases are the same, the 
ratio of the root-mean-square velocities u; and uw. may be calculated 
from the two densities, d; and dz, or from the molecular weights, M, 
and Mz, as shown by equation 20: 


Uy J M2 99 
Ps Viv, (22) 


U2 


Under certain conditions the times required for two gases to flow 
through a small aperture are inversely proportional to the velocities of 
the molecules and, hence, directly proportional to the square root of the 
molecular weights. The proportionality is exact if the cross section of 
the aperture is small compared with the average distance through which 
a molecule travels before colliding with another molecule. At ordinary 
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pressures this distance is so small that the conditions are no longer 
satisfied and a correction term is required, unless both gases happen to 
be of the same type—both diatomic, for example. 
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PROBLEMS 


1. What pressure does a concentration of 1 mole per liter of an ideal gas give in 
millimeters of mercury at (a) 25° and (6) 1900°? 
Ans. (a) 18,590 mm. (b) 79,344 mm. 
2. How much does a liter of octane gas CgHig weigh at 150° and 1 atm pressure? 


Ans. 3.289 g. 
3. How many grams of ammonia will occupy the same volume at —25° as is 
occupied by 5 g of oxygen at 25° if the pressure is the same? Ans. 3.2 g. 


4. Estimate the tons of carbon dioxide over a square mile of the earth’s surface 
if the atmospheric pressure is 760 mm and the air contains 0.03 of one per cent of 
carbon dioxide. Ans. 8850 tons. 

5. A certain hydrocarbon is found to have a vapor density of 2.550 g per liter at 
100° and 760 mm. Chemical analysis shows that the substance contains one atom 
of carbon to one atom of hydrogen. What is its molecular formula? 

Ans. CeHe. 

6. Calculate the pressure exerted when 1 mole of water is heated in a volume of 
10 liters to a temperature of 150°, using (a) the simple gas law and (6) van der Waals’ 
equation. Ans. (a) 3.47 atm. (6) 3.43 atm. 

7. Using van der Waals’ equation, calculate the pressure exerted by 1 mole of 
COz at 0° which has a volume of (a) 1 liter, (6) 0.05 liter. (c) Repeat the calculations 
at 100° and 0.05 liter. Ans. (a) 19.82 atm. (b) 1620 atm. (c) 2740 atm. 

8. The density of ammonia in grams per liter was determined at various pressures 
by weighing the gas in large glass bulbs. The values of d/p (d = density in grams 
per liter, » = pressure in atmospheres) at 0° were as follows: 0.77169 at 1 atm, 
0.76773 at % atm, 0.76585 at 4 atm, 0.76383 at 4 atm. What is the limiting value 
of density per pressure at zero pressure, as determined graphically, and what is the 
molecular weight of ammonia? If the atomic weight of hydrogen is taken as 1.008, 


what is the atomic weight of nitrogen? Ans. 14.008. 
9. Calculate the temperature at which the root-mean-square velocity of a nitrogen 
molecule is the same as that of a helium molecule at 27°. Ans. 2102° K. 


10. A 6-to-1 mixture by volume of neon and argon is allowed to diffuse through 
a small orifice into an evacuated space. What is the composition of the mixture 
which first passes through? Ans. 10.6 per cent A and 89.4 per cent Ne. 


11. A mixture of 0.1 g of hydrogen and 0.2 g of nitrogen is to be stored at_ 760 mm 
pressure and 25°. What must the volume of the container be, if it is assumed that 
there is no interaction between nitrogen and hydrogen? 
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12. A 1-liter flask containing an organic vapor at 25° is evacuated to 0.0001 mm 
(of mercury). How many molecules remain in the flask? 

13. (a) How many grams of air are there in the atmosphere surrounding the earth, 
if it is assumed that the earth is a sphere with a diameter of 12 million meters and 
that the atmospheric pressure is 760 mm everywhere on the surface? 

(b) How many moles of air are there in the total atmosphere, if it is assumed that 
the average molecular weight of air is 28.8? 

(c) How many molecules of oxygen are there in the earth’s atmosphere, if one 
fifth of the air by volume is oxygen? 

14. What pressure will be generated if 100 g of methanol CH30H is evaporated 
at 100° in an evacuated vessel having a volume of 2 liters? 

15. A certain liquid is weighed out in a Victor Meyer apparatus and vaporized. 
The weight of liquid is 0.110 g, the pressure 737 mm, and the temperature 25.0°. 
If the volume of displaced air, collected over mercury, is 22.5 ml, what is the molecular 
weight of the substance? 

16. A certain organic compound weighing 0.716 g gave a volume of 242.6 ml when 
vaporized at 200° and 750 mm. What is the molecular formula of the substance if 
chemical analysis shows that it must be C3HgO or some multiple of this formula? 

17. The following values for the density of nitrogen at 0° have been reported by 
Baxter and Starkweather: ; 


Pressure in millimeters 760 506.67 253.33 
Density in grams per liter 1.25036 0.83348 0.41667 


Calculate the atomic weight of nitrogen. 

18. (a) Give the van der Waals formula for m moles of gas instead of 1 mole. 

(b) Calculate the pressure exerted by 453.6 g (1 lb) of chlorine in a 10-liter flask 
at 100°, using the ideal-gas law. 

(c) Repeat the calculation, using van der Waals’ equation. 

(d) Repeat the calculation, using Berthelot’s equation. 

19. Calculate from the Hougen—Watson chart the volume of 453.6 g (1 lb) of 
chlorine at 17.65 atm and 100°, and compare the result with the data of Problem 18. 

20. Calculate the root-mean-square velocity of (a) carbon tetrachloride molecules 
and (b) ammonia molecules at 100°. 

(c) How much longer will it take for a millimole of carbon tetrachloride vapor to 
diffuse out of a small opening than a millimole of ammonia? 

(dq) How much longer will it take for a milligram of ammonia to diffuse out of a 
small opening than a milligram of carbon tetrachloride vapor? 


21. One liter of a gas is contained in a balloon at 25° and 1 atm pressure. If the 
gas is heated to 45°, what must be the applied pressure in order that the volume 
remain constant? 

22. How many molecules of sulfur dioxide are contained in a liter: 

(a) at 1 atm pressure and 25°? 

(b) at 1 atm pressure and 1000°? 

(c) at 1 mm pressure and 25°? 

(d) at 1 mm pressure and 1000°? 

23. In a Victor Meyer experiment 0.2350 g of a liquid is vaporized, and the volume 
of displaced air measured over water in a gas buret is 40.2 ml at 23.0° and 730 mm. 
Since the air in the buret has become saturated with water, it is necessary to subtract 
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the vapor pressure of the water, which is 21.0 mm, from the total pressure. What is 
the molecular weight of the vaporized material? 

24. Convert van der Waals’ constant a as given in Table III for ammonia into: 

(a) cm® atm mole. 

(b) dyne cm* mole~?. 

(c) Convert the corresponding constant b into em® mole—!. 

25. Four hundred milliliters of an organic vapor weighed 0.5220 g at 27°, and 750 
mm. Chemical analysis gave carbon 37.52 per cent; hydrogen 12.56 per cent, and 
oxygen 49.90 per cent. What is the formula of the organic substance? 

26. The ratio of the weight of 1 liter of ethyl chloride to the pressure in atmos- 
pheres at three different pressures at 0° is as follows: 2.9002 at 760 mm, 2.8919 at 
475 mm, 2.8863 at 285 mm. Calculate the molecular weight of ethyl chloride and 
the atomic weight of chlorine by the method of limiting densities, taking the atomic 
weights of carbon and hydrogen as known. 

27. The weight of a certain evacuated vessel is found to increase 0.2500, 0.5535, 
and 0.5268 g when oxygen, chlorine, and a compound of oxygen and chlorine, respec- 
tively, are separately admitted into the vessel under the same conditions of tempera- 
ture and pressure. Calculate from these data alone the molecular weights of chlorine 
and the oxide of chlorine. What can you say from these data regarding the number 
of atoms in the chlorine molecule? 

28. Calculate the number of grams of hydrogen in a vessel of 500 ml capacity 
when hydrogen is forced in at 100 atm at 200° using (a) simple gas laws, (6) Berthelot 
equation, (c) Hougen—Watson chart. 

29. At what temperature will the velocity of carbon dioxide equal the velocity 
of oxygen at 0°? What is this velocity? 

30. It takes 30 minutes for the pressure of a certain evacuated vessel of 1-liter 
capacity to rise from 0.001 mm to 0.003 mm by leakage of air through a pinhole in the 
glass. How long will it take for chlorine at the same temperature and external 
pressure to leak in and raise the pressure from 0.001 mm to 0.003 mm? The average 
molecular weight of air is 28.8. 


31. Calculate the volume of 100 g of methane at 0° and 100 atm using (a) ideal-gas 
laws, (b) van der Waals’ equation, (c) Berthelot’s equation, (d) Hougen—Watson chart. 

32. (a) Using the Hougen—Watson chart, estimate the volume of a vessel necessary 
to hold 1000 g of octane, n-CgHis at 354° under a pressure of 50 atm. 

(b) How is this chart to be interpreted if 1000 g of octane is placed in this vessel 
under 50 atm pressure at 183°? 

33. A glass bulb fitted with a stopcock was evacuated and found to weigh 46.8542 
g without correcting for the buoyancy of the air. When the stopcock was opened 
and dry air was allowed to fill the bulb, the weight increased to 47.0465 g. The 
barometric pressure was 745 mm of Hg, and the temperature was 27°. 

(a) Calculate the total volume of the bulb from the known molecular weight of 
air, 28.8. 

(b) Calculate the weight if the bulb were filled with dry hydrogen at this tem- 
perature and pressure. 

34. A temperature scale using an ideal-gas thermometer is defined by taking the 
melting point of mercury as zero and its normal boiling point as 100°. Calculate 
the normal boiling point of water and the absolute zero on this scale. Mercury 
boils at 356.9° and freezes at —38.87°. 
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35. Using the data of Problem 17, determine the limiting value of d/p at zero 
pressure and the atomic weight of nitrogen, not by graphing, but by calculation, 
using the method of least squares. 

36. Calculate the pressure necessary to compress 1 mole of COz to a volume of 
0.200 liter at a temperature of 50° using (a) the gas law: pv = nRT; (b) the Beattie— 
Bridgman equation (appendix, page 673). The constants for CO», are as follows 
when p is expressed in atmospheres, V in liters per mole, and 7’ in degrees Kelvin: 
Ao = 5.0065; a = 0.07132; Bo = 0.10476; b = 0.07235; c = 6.600 X 10°. 

37. Ordinary carbon contains 98.9 per cent of carbon with a mass of 12.00 and 
1.1 per cent of an isotope of carbon with a mass of 13.00. By a certain physical- 
chemical operation (page 636) the concentration of this isotope is increased from 1.1 
to approximately 2.0 per cent. It is planned to determine the exact percentage of 
this heavier isotope by measuring the density of carbon dioxide with a gas-density 
balance. If this concentration of 2 per cent must be known to one part in 500 for 
the experiment planned, how accurately in parts per million must the gas density 
of the CO be measured? To what fraction of a degree must the temperature be 
known at about 25° and to what fraction of a millimeter must the pressure be known 
at about 740 mm in order to achieve this accuracy? 


CHAPTER III 
ATOMIC AND MOLECULAR FORCES 


In the preceding discussion of gases, it became clear that the attrac- 
tion between atoms and molecules varies considerably, and it was 
evident that information regarding these forces would be helpful in 
making physical-chemical predictions. In the present chapter some of 
the underlying principles of atomic and molecular structure are pre- 
sented so that they may find applications in the subsequent study of 
physical-chemical phenomena. 

All matter is composed of chemical compounds or mixtures of chem- 
ical compounds which in turn are composed of 96 different kinds of 
elements. The units of these 2lements are the atoms, each atom weigh- 
ing 1/6.02 X 107° of the atomic weight. These atoms possess a com- 
plicated structure consisting of an extremely dense positively charged 
nucleus surrounded by light negative electrons in definite energy levels. 
The nucleus also is complex and is made up of protons, which are the 
nuclei of hydrogen atoms, and neutrons which have nearly the same 
weight as the protons but possess no electric charge. The number of 
protons in the nucleus determines the positive charge on the nucleus, 
and this, in turn, is equal ‘to the number of extranuclear electrons in the 
atom. This number is defined as the atomic number. The theories and 
the experimental foundation for the structure of the atom and the 
nucleus are given in Chapter X XI. 

The Periodic Table. Hydrogen is the lightest atom with a nuclear 
charge of one and one extranuclear electron, and uranium is the heaviest 
naturally occurring element with an atomic number of 92. The heaviest 
atom is curium with 96 positive charges on the nucleus surrounded by 
96 electrons. All the other elements have atomic numbers between one 
and 96. These electrons are arranged in shells around the central nucleus 
of the atom, the number in each shell being limited by the rules of the 
quantum theory, discussed on page 576. 

The maximum number of electrons in the first shell is two; the max- 
imum in the second shell is eight; and larger encircling shells are limited 
to 18 and 32. Attempts have been made to visualize these shells of 
electrons as cubes with eight corners, or as a series of elliptical orbits in 
which the electrons travel. However, these pictures are incomplete and 
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unnecessary. The limitations of the number of electrons in a given shell 
lead to the familiar periodic table of the elements given on page 665, 
where the atomic numbers are shown. The atomic number of an element 
determines its position in the periodic table, and its chemical properties. 

Hydrogen has one extranuclear electron, and helium has two. The 
first group can include only two electrons, and so lithium with three 
electrons has to start a new shell with its extra electron. Beryllium with 
an atomic number of 4 has four electrons, two of which are used in filling 
the first shell and two of which go into the second shell. Boron has three 
in the second shell; and carbon four, etc. 

Neon with an atomic number 10 has the two positions in the first shell 
and all eight positions in the second shell occupied. Its outermost shell 
is complete; and the next element, sodium, with an atomic number 11, 
has to start a third shell with one electron. Magnesium with an atomic 
number 12 has two electrons in the first shell, eight electrons in the sec- 
ond, and two in the third shell. In similar manner, as the elements in- 
crease in atomic number, the electrons fill up the shells and then start 
to fill the shells farther removed from the nuclei. 

The number of electrons which can be readily moved determines the 
valence and many chemical properties. The alkali metals, lithium, so- 
dium, and potassium, are alike in having one electron in the outermost 
shell which can be easily removed, and they are similar in their chemical 
properties. Beryllium, magnesium, and calcium each have two elec- 
trons in the outermost shell, whereas fluorine and chlorine each have 
seven electrons in the outermost shell. The grouping of like elements 
in the periodic table is thus traced to the similarity in electron arrange- 
ment. The rare gases with completed shells are stable. Elements with 
only one electron in the outermost shell may lose that electron and tend 
to simulate the rare gas of next lower atomic number, whereas elements 
with nearly complete rare-gas configurations tend to attach more elec- 
trons and simulate the rare gas next higher in atomic number. The for- 
mer elements have metallic properties, whereas the latter elements have 
nonmetallic properties. In sodium, where there is no tendency for the 
atoms to gain electrons, electric conductance is good; but in sulfur, 
where an atom may tend to complete its quota of eight electrons by at- 
taching two more to complete its shell, electrons cannot migrate and the 
electric conductance is very slight. 

In the larger shells with 18 or 32 electrons there may be several dif- 
ferent possible electronic arrangements of nearly equal energy; hence, 
the positive valence is variable. Moreover, the ions may be colored 
when the possible electron displacements involve energy differences so 
small that they correspond to the energy of visible light. 


—— 
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Electron Theory of Valence. The combination of atoms to give a 
variety of molecules is of fundamental importance in all chemical re- 
actions and biological processes. In later chapters the laws which govern 
chemical equilibrium and reaction rates are studied, and it will be seen 
that the course of a chemical reaction can be predicted with fair accu- 
racy when a sufficient number of factors are known. 

A simpler method of presenting the facts of chemical combination is 
desirable. It is necessary for the chemist to know which combination 
of atoms are stable and which are not. The permissible ways in which 
atoms can go together to form compounds have been handled in a very 
satisfactory manner by the rules of valence in which carbon is given a 
combining power or valence of 4, hydrogen of 1, oxygen of 2, and so on. 
Much of the success of chemistry and particularly organic chemistry has 
been due to this simple concept. 

However, these valence rules are unsatisfyingly empirical and often 
inadequate. Attempts have been made to put the concept of valence on 
a more fundamental basis and to make it more widely useful. The the- 
ories of the electron pair and the octet and mathematical approaches 
based on the quantum theory (which are discussed in Chapter XIX on 
page 576) have been the result. The more general and accurate theories 
are complicated, and one must choose between simplicity and accuracy. 
For many purposes the older idea of valence hooks is sufficient, but the 
electron pair and, to a limited extent, the octet are useful, particularly 
in organic chemistry.* 

The forces that hold atoms together in organic molecules and in sub- 
stances like nitrogen and hydrogen differ from those which are found in 
inorganic compounds and in electrolytic solutions. The distinctions 
between these two different types, the nonpolar and the polar compounds, 
will be stressed many times. The polar compounds involve chiefly 
electrostatic forces, giving rise to heteropolar bonds or ionic linkages. 
The nonpolar or homopolar bonds or electron-pair bonds involve an “‘ex- 
change energy’”’ understandable on the basis of quantum mechanics. 
It is not to be thought, however, that atoms are held together exclusively 
by one type of bond or the other. In most linkages between atoms both 
electrostatic attraction and exchange energy binding are operating. 
There are all gradations between linkages that are predominantly homo- 
polar and those that are predominantly heteropolar, so that complete 
quantitative treatment is not yet possible. 

These two different types of binding were correlated and the concept 


* Pauling, “The Nature of the Chemical Bond,” Cornell University Press, Ithaca, 
N. Y., 1939; Johnson, in Gilman’s “Organic Chemistry,” John Wiley & Sons, New 
York, 1940, Chapter 19. 
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of valence was amplified by the hypothesis of the electron pair proposed 
by G. N. Lewis in 1916. According to this hypothesis there is a definite 
tendency for electrons within a molecule to go together in pairs. The hy- 
pothesis is in agreement with the quantum theory. 

The tendency of electrons to go in pairs is almost universal, so uni- 
versal, in fact, that only a few molecules containing an odd number of 
valence electrons are known. When these odd molecules do exist, they 
are abnormal. They tend to associate, and they are usually colored. 
Nitrogen dioxide and triphenylmethyl are examples. 

In the hydrogen molecule 14 per cent of the attraction is due to elec- 
trostatic forces and 86 per cent to homopolar or electron-pair binding, 
but in most molecules the relative importance of the two types of at- 
traction is not known quantitatively. The presence of these two types 
of binding in unknown ratios is a serious handicap in the quantitative 
application of these concepts. 

Another rule for the arrangement of electrons within a molecule, the 
octet hypothesis, has been proposed by Lewis,* by Kossel, and by 
Langmuir. According to it, there is a tendency for eight electrons to 
group around each atom in a molecule. There are exceptions, and they 
make this rule less significant than the rule of the electron pair. 

These hypotheses may be illustrated with lithium fluoride. Lithium 
has one electron in its outermost shell, and fluorine has seven. The lith- 
ium atom tends to lose its one valence electron in the outermost shell, 
becoming a lithium ion with one positive charge, and the fluorine atom 
tends to gain an extra electron, becoming a fluoride ion with one negative 
charge. Both tendencies are satisfied by a transfer of an electron from 
the lithium to the fluorine. This electrostatic or ionic type of linkage 
can be broken apart by dissolving the compound in certain solvents. 
Lithium fluoride, for example, separates almost completely into lithium 
ions and fluoride ions when dissolved in water. The energy required to 
pull these ions apart is partially offset by the energy released when the 
ions combine with the solvent. 

Other examples are given by the following equations, in which the 
numbers of electrons in the outermost shell are indicated with dots. 

Thus: b, ie 

Li. + -F: = Li:F: = [LiJ* + [F]- 


He BSC: HC: = (ayes ee 


li + -H =LiH = lil’ + [)- 


* Lewis, J. Chem. Phys., 1, 17 (1933); “Valence and the Structure of the Atom,” 
Chemical Catalog Co., New York, 1923. 
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A covalent bond or homopolar bond, represented with two dots for 
the electron pair, is the same as the valence bond of organic chemistry. 
The following equations and formulas illustrate the covalent bond: 


Heese = Hei. 


I 


:C]- a Cl: -Cl:Cl: 


H :Cl: AO ihe 
H:C:H C1: :Cl: :0:Cl:0: 

is aa ai ES 
Methane Carbon eomeniode Parchiorite ion 


It is interesting to note that these views of valence account satis- 
factorily for the fact that a hydrogen atom will combine with an atom of 
negative chlorine, with an atom of positive lithium, or with another 
atom of hydrogen. 

Double bonds and triple bonds can be represented by the sharing of two 
pairs or three pairs of electrons, as shown by ethylene and acetylene. 


Lease | 
ls bed OR G4 Bh GCP OA al 
Ethylene Acetylene 


In an elaborated electron theory not only the positions of the electric 
charges or polarization are important but also their mobility or polar- 
izability. Both these quantities can be given roughly in terms of values 
assigned to pairs of atoms and atomic groups; but the influence of struc- 
ture and of solvents affects the behavior also. 

There is a special type of covalent bond, called a coordinate covalent 
bond, in which both electrons of the electron pair are contributed by the 
same atom, thus: 


xz-+-y =2x:y (normal covalency) 
z:+ y=x:y (coordinate covalency) 


This type of linkage is recognized among organic and inorganic mole- 
cules as giving rise to special properties. An example is given among 
the boron compounds : 


ll EF: H:F: 
H:N: + B:F: = H:N:B:F: (coordinate covalency) 
H ‘FE: H:F: 
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The concept of resonance is useful, and it can be measured quantita- 
tively. Resonance exists when nuclei are arranged in a molecule in such 
a way that, by the rapid shifting of electrons from one position to an- 
other, two or more different structures can exist in which the energies are 
nearly the same. Thus there are several different ways in which the 
benzene ring can be drawn. For example, it may have different arrange- 
ments of alternating single and double bonds, or it may perhaps be drawn 
with six single bonds in the ring and the other valence bonds stretching 
directly across the center of the ring. Other structures are also possible. 

By rapidly oscillating between the various positions, the electrons can 
give to benzene some of the properties expected from each of these struc- 
tures. When such a situation exists, the energy of formation is in- 
creased, more energy is required for decomposition, and the molecules 
possessing resonance have an increased stability. This fact explains why 
benzene and the aromatic compounds, in general, are so stable. 

The existence of resonance and the extent of the resonance energy 
may be determined by comparing the abnormally low heat of reaction 
with the normal value calculated from the sum of the parts of the mole- 
cule. Another test for resonance is obtained by comparing the distance 
between atoms in the molecule with the normal interatomic distance of 
the bond as obtained from electron diffraction patterns (page 85). If 
there is resonance in a molecule, the distance between atoms in the 
resonance structure will be less than the normal distance found in other 
molecules. Molecules containing conjugated double bonds, that is, 
(—C=C—C=C—), are particularly favorable for the rapid movement 
of electrons and the formation of a molecule with resonance. 

Another concept in the electron theory of valence is that of the hydro- 
gen bond,* which in special cases attracts two atoms so strongly that it 
appears to act as a bond between them. The hydrogen atom is unique, 
owing to the fact that, when its electron becomes detached, only the 
nucleus of very small diameter is left. In no other element can the atoms 
acquire nuclear dimensions by the loss of a single electron. The hydro- 
gen nucleus is so small that apparently it can attract two strongly 
negative atoms. 

The formation of HF2~ ion, the formation of double molecules of or- 
ganic acids, and abnormal behavior in some liquids and solutions can be 
explained on the basis of hydrogen bonds. 

Electrostatic Attractions. As already stated, electrostatic attrac- 
tion is important in holding atoms together in crystals, molecules, and 

* Lassettre, Chem. Rev., 20, 259 (1937); Rodebush, Chem. Rev., 19, 59 (1936); 


Pauling, “The Nature of the Chemical Bond,” Cornell University Press, Ithaca, 
N. Y., 1940. 
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loose intermolecular complexes. Even in essentially homopolar bonds 
some of the force holding the atoms together is electrostatic in nature. 
Electrostatic attraction applies not only to ions but also to dipoles and 
induced dipoles. An ion is an atom or group of atoms with a definite 
electric charge caused by the addition or removal of electrons. <A dipole 
is a molecule in which the positive and negative charges are equal but 
arranged in such a way that part of the molecule is predominantly pos- 
itive and another part predominantly negative so as to give an electrical 
unbalance. The magnitude of the total effect in the molecule is meas- 
ured quantitatively by the dipole moment (page 86). Water is a good 
example of a substance which has a large dipole moment. Induced 
dipoles are produced by the proximity of a charged part of a neighbor- 
ing molecule. They are present in most substances, but they show up 
more prominently in a substance like helium where the other forces are 
absent. Although helium has no charge and no dipole moment, it still 
contains a positive nucleus and a negative electron which induces a 
charge in a neighboring molecule. This attraction of the induced dipoles 
is very small in helium but is responsible for its liquefaction at very low 
temperature. 

There are six different combinations of these three different types of 
electrostatic binding. Examples are known of each type. It must be 
realized that there is no sharp distinction between types and that fre- 
quently several of these interactions are involved simultaneously. 

Ion-Ion. The attraction between sodium and chloride ions is an ex- 
ample of this ionic type of binding. Ionic bindings are much stronger 
than most homopolar bonds. The separation of the nuclei plays an im- 
portant part. Thus, a hydrogen ion or a sodium ion is held much more 
tightly to a fluorine ion than to an iodide ion. 

Dipole-Dipole. When two unit dipoles are aligned head-on, thus 
(—+)(—+), considerable energy is required to pull them apart to in- 
finite distance. When they are surrounded by a liquid of high dielectric 
constant, the energy required is considerably less. This dipole attrac- 
tion leads to association of liquids such as water and the alcohols and 
polar substances. The association involves an indefinitely large number 
of units and is different in character from double molecules such as are 
formed in the association of the organic acids. Substances which have 
very low dipole moments can, nevertheless, possess an appreciable at- 
traction. Thus, although carbon tetrachloride has a dipole moment of 
zero, this refers to the net moment of the whole molecule; there are pos- 
itive and negative parts of the C—Cl bond, that is, bond moments, 
which result in the mutual attraction of C—Cl bonds on adjacent mole- 
cules. 
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Many of the loose chemical compounds found in mixtures of liquids 
are held together by this dipole interaction. 

Induced Dipole-Induced Dipole. Although quite general, this type of 
attraction is frequently so small in comparison with the other types of 
attractions that it is unnoticed. It is the small attractive force which is 
responsible for the liquefaction of helium at very low temperature. 

Ion-Dipole. This type of attraction is very important because it is 
responsible for the solubility of electrolytes in water. 

Ion-Induced Dipole. Certain complex ions are produced by the at- 
tractive force existing between an ion and a dipole induced in a neighbor- 
ing molecule. In the reaction, 


T+ I, = ge 


part, at least, of the energy of combination is due to this ion—induced- 
dipole attraction. 

Dipole-Induced Dipole. The solubility of helium and the rare gases 
in water is due to this type of attraction. If there were no attraction be- 
tween helium and water there would be no reason to expect solubility. 
In fact, there is evidence for the formation of an argon hydrate; and 
a crystalline hydrate of butane is known. 

It is possible to treat these electric attractive forces semiquantita- 
tively * as well as qualitatively, using simple formulas which involve 
distance apart of the two attracting units, dielectric constant of the 
solvent, and other factors. 


REFERENCES 


Pauine, “The Nature of the Chemical Bond,” Cornell University Press, Ithaca, 
N. Y., 1939. 

JoHNSON in GiuMaNn’s “Organic Chemistry,” John Wiley & Sons, New York, 1943, 
Chapter 19. 

Ricg, “Electronic Structure and Chemical Bonding,” McGraw-Hill Book Co., New 
York, 1940. 

Sipewicx, ‘The Electron Theory of Valence,” Oxford University Press, 1929. 

Lewis, “Valence and the Structure of the Atom,” Chemical Catalog Co., New York, 
1924; J. Chem. Phys. 1, 17 (1938). 

Van ViECK and SHeRMAN, Rev. Mod. Phys., 7, 176 (1985). 

Remick, ‘Electron Interpretation of Organic Chemistry,” John Wiley & Sons, New 
York, 1948. 


* Moelwyn-Hughes and Sherman, J. Chem. Soc., 101 (1936); Moelwyn-Hughes, 
“Physical Chemistry,’”’” Cambridge University Press, Cambridge, 1940, pages 92-103. 


—_ 


PROBLEMS 41 


PROBLEMS 


1. Write the following structures in terms of the electron theory of valence: (a) 
Perchlorate ion ClO4~; (b) sulfate ion SO4—~; (c) phosphate ion PO4~——; (d) cupric 
ammonium ion Cutt-4NH3. 

:0:= 
Ans. (b) :0:8:0: 
cae 

2. Write the following reaction in terms of the electron theory of Walenee: (a) 
Fet+ — Fett* + electron; (6) Zn +S — ZnS; (c) CoH, +Ch > CeHyCh; 
(d) CoHg + 2Cle > CoHyCly + 2HCI. a - 

Ans. (a) :Fet+ — :Fett++ + electron. 


3. Represent the following chemical compounds on the basis of the electron 
theory of valence: (a) Ho; (b) LiH; (c) CH4; (d) HCl; (e) Cle. 

4. Sodium dichloroacetate, CHCleCOONa, dissociates into dichloracetate ion 
and sodium ion when dissolved in water. Write the structure for this compound 
on the basis of the electron theory of valence, and state which bonds are homopolar 
bonds and which are heteropolar. 

5. Indicate with sketches how a hydrogen bond might be formed in (a) ethanol 

OH 
C2H;OH, (6) acetic acid CH3COOH, (c) nitrophenol CoH f 
NOg 

6. Draw several benzene rings containing six carbon atoms each with four valen- 
cies, two of which hold the zing together and the third of which is attached to a 
hydrogen atom. Each carbon atom has one valence left over, and these may form 
double bonds among any three pairs of atoms. Show that there are six different 
ways in which the three extra bonds can be drawn, including alternating double 
bonds. The presence of these several different possible structures results in resonance 
and gives to benzene its stability. 

7. Give illustrations of the interactions involving ions, dipoles, and induced 
dipoles. 


CHAPTER IV 
THE CRYSTALLINE STATE 


Properties of Solids. In solids there are strong forces which hold 
together the atoms and molecules, thereby giving the solids fixed shape, 
rigidity, and mechanical strength. These forces are of several different 
kinds which produce a wide difference in the physical properties of the 
solids, as observed, for example, in crystalline solids and amorphous 
solids. 

Amorphous solids such as pitch or glass may be regarded as super- 
cooled liquids in which the force of attraction holding the molecules 
together is so great that the material is rigid. Crystalline solids are those 
in which the atoms are arranged in some definite order constantly re- 
peated. The binding force in this case may be due to an electric 
attraction between positive and negative ions in the crystal as in the 
case of sodium chloride; to the existence of chemical bonds in which the 
atoms are held together by valence bonds in continuing structures, as in 
the case of diamond; or to attraction between molecules arranged in 
definite order, as in the case of solid carbon dioxide. 

The crystalline and the amorphous solids differ in several respects. 
A pure crystalline material usually has a sharp melting point. It re- 
mains solid up to a definite temperature and then melts to the liquid 
state at a temperature only slightly higher. When an amorphous solid 
is heated, it gradually softens and becomes mobile over a wide range of 
temperature without undergoing a sharp change from solid to liquid. 
The surfaces of an amorphous substance do not, in general, exhibit 
definite recurring faces at definite angles, such as are often displayed by 
crystalline solids. The regular internal arrangement of the units of a 
crystalline solid lead to the formation of definite patterns when X rays 
are passed through them, as will be explained shortly. Although amor- 
phous solids also give rise to the diffraction of X rays, the phenomenon 
is much less pronounced. 

The properties of a crystal such as tensile strength, elasticity, heat 
conductance, electric conductance, rate of transmission of light, and 
rate of solution may be different along the different axes of the crystal; 
and such a crystal is called anisotropic. An isotropic crystal is one 
which has the same properties in all directions. The characteristic 
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color patterns of anisotropic crystals with polarized light (discussed on 
page 71) are used for identification, particularly in the microscopic 
examination of chemicals and minerals. 

Use can be made of the fact that the rate of solution of an anisotropic 
crystal is greater in one direction than in another. The surface is etched 
by the addition of nitric acid or picric acid or other chemical solvent in 
such a way as to bring out characteristic patterns. In solids which are 
mixtures of different chemical substances etch figures are brought out 
by chemical reagents which attack the materials at different rates and 
give valuable information concerning the heat treatment and previous 
history of a metal. It is usually desirable to grind and polish the metal to 
give a very smooth surface before examining it with a microscope. This 
technique has been helpful in proving with photomicrographs that a 
piece of metal came from a particular source. That strains set up in a 
solid can lead to different behavior is shown by the fact that numbers 
stamped in a piece of metal and filed smooth can often be reconstructed 
by a careful etching process. 

Different chemical substances often have crystal forms which are very 
much alike. If they have the same crystal form and nearly identical 
angles, they are said to be zsomorphous. Usually they are similar in 
chemical composition, as, for example, the various alums such as 
Als (SOx)3 K.SO4 G 24H.2O, Als (SO4)3 s (NH4)2804 : 24H,0O, or Cro (SOx)3 : 
NaySO4-:24H2O0. One of the best tests for isomorphism consists in 
placing a crystal of one substance in a supersaturated solution of the 
other. If the crystal continues to grow in the same form, the two sub- 
stances are isomorphous. Unless the form and crystal angles are very 
closely the same, the crystal will not continue to grow in perfect shape 
in the solution of the new substance. 

The size and perfection of crystals depends to a large extent on the 
rate at which they are formed. The slower the rate of crystallization, 
the more perfect is the crystal, because the atoms or molecules have 
more time to find their proper positions in the crystal lattice. Great 
progress has been made during the past few years in growing large and 
perfect crystals. The purified salt is melted in a large pot which is then 
allowed to cool very slowly at a definite automatically controlled rate. 
In this way sodium chloride, silver chloride, potassium bromide, lithium 
fluoride, and other salts have been prepared in large transparent pieces 
several inches in diameter which are valuable for optical work. 

Crystal Forms. Chemical compounds exist in a great many different 
crystal forms, depending on the type of binding force, the kind of atomic 
grouping, the relative size of the different ions or atoms, and many other 
factors. Many thousand different crystals are known, distinguishable 
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one from another by shapes, angles between faces, and X-ray diffrac- 
tion patterns. In spite of the great variety of crystal forms, a given 
chemical compound or mineral will always exhibit the same angle 
between two given faces at a given temperature. This law was dis- 
covered first. by Steno in 1669. It provides an excellent means for the 
identification of materials by the determination of the crystalline 
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Fie. 10. The six crystal systems. 


properties. Large crystals may be measured directly; small crystals 
obtained by evaporating a solution may be examined with a microscope; 
and all crystals may be studied by measuring the diffraction of X rays 
when passed through crystals or reflected from them. 

The large number of different crystals may be reduced to several 
general types which, in turn, can be referred to three or four axes and 
classified into six different fundamental systems, as shown in Fig. 10 
and described in the following paragraphs: 

In the regular or cubic system there are three axes of equal length 
intersecting at right angles in space. 

The tetragonal system also contains three axes intersecting at right 
angles, but two are equal in length, and the third is either longer or 
shorter. 
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In the hexagonal system there are three axes of unit length, all in the 
same plane and intersecting at angles of 60°, and a fourth axis, either 
longer or shorter and perpendicular to the plane of the other three. 

In the rhombic system the three axes of unequal length all intersect 
each other at right angles. 

In the monoclinic system there are three axes of unequal length, two 
of which intersect at right angles, while the third axis is perpendicular 
to one and not to the other. 

In the triclinic system there are three axes of unequal length, no two 
of which intersect at right angles. 


Fig. 11. Intersection of a plane on the crystal axes indicating the calculation of 
Miller indices. 


A crystal face may be described in terms of an angle which it makes 
with a reference plane, or it can be described more usefully for theoretical 
studies by giving its intercepts on the three standard axes, X, Y, and Z. 
In the simplest systems the X and Y axes make right angles with each 
other in a horizontal plane as in any system of rectangular coordinates. 
The third axis Z is vertical, being perpendicular to both X and Y and 
passing through their intersection. The system commonly used for de- 
fining crystal faces in terms of their intercepts on the X, Y, and Z axes 
was proposed by Miller in 1829. Unit distances along these axes are 
called a, b, and c, respectively, and Muller indices are described as the 
reciprocals of the intercepts on the axes in terms of these unit distances. 

The application of the Miller indices to a rhombic crystal in which 
all the axes are at right angles is indicated in Fig. 11 which shows the 
crystal axes, X, Y, and Z, with a plane cutting the X axis at 2a, the Y 
axis at b, and the Z axis at 4c. The intercepts are 2, 1, and 4; their 
reciprocals are 4, 1, and 2; and the Miller indices are written 1, 2, 4. 
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The reciprocals of the intercepts are multiplied by an appropriate num- 
ber so that no fractional numbers remain, the relative values of the 
intercepts being unaffected by the multiplication. The faces of crystals 
are usually of such a nature that the indices are small numbers: 1, 2, 3, 4, 
etc.; or, if they are parallel to the axis, they cut it at « and the Miller 
index is zero. 

In case the X, Y, and Z axes do not intersect at right angles, it is 
necessary to specify the angles as well as the intercepts. 

X Rays and Crystal Structure. Important information concerning 
the arrangement of the atoms and molecules within crystals has been 


Fic. 12. Laue X-ray diffraction pattern. 


obtained from the measurements of the transmission and reflection of 
X rays. X rays are radiations having wave lengths of the same order 
of magnitude as the distance between atoms in crystals, and, accord- 
ingly, it is possible to obtain interference of X rays in crystals. Follow- 
ing a prediction of Laue in 1912 that the regularly arranged atoms of a 
crystal should act as a three-dimensional diffraction grating, Friedrich 
and Knipping passed small beams of X rays through crystals and ob- 
tained on a photographic plate a large number of points arranged in a 
symmetrical pattern around the central point, which was caused by the 
pee beam. An X-ray picture of magnesium oxide is given in 
ig. 12. 
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Patterns such as this can be interpreted by building up, mathemati- 
cally, crystal models in space. The distance between the atoms is ad- 
justed arbitrarily along the different axes until it is possible to obtain a 
calculated pattern of interference which is identical with that obtained 
on the photographic plate. 

The reflection or Bragg method of X-ray analysis gives results that 
are easier to interpret than the Laue transmission method, because in 
the Bragg method the crystal can be regarded simply as a series of 
atomic planes spaced at definite intervals, extending inward from the 
surface and acting as interference planes in much the same way that a 
stack of thick glass plates would reflect a beam of visible light. Such a 
bundle of plates will reflect incident light only at certain definite angles, 
which depend both on the thickness of the plates and the wave length 
of the light. 

A simple relation exists between the wave length of the X rays, the 
distance between atomic planes in the crystal, and the angle of reflection. 

Figure 13 gives the cross section of a crystal in which the horizontal 
lines represent a series of identical planes of atoms or ions, each sep- 
arated by the distance d. The plane ABC is drawn perpendicular to 
the incident beam of parallel monochromatic X rays, and the plane 


Fia. 13. Diagram used in proving that n\ = 2d sin 0. 


LMN is drawn perpendicular to the reflected ray. The incident beam 
is arranged to hit the surface of the crystal at such an angle @ that all 
the light is in phase at the two planes ABC and LMN, that is, the dis- 
tance between the two along a ray is a whole-number multiple of the 
wave length d. 

It can be shown that the angle of reflection is equal to the angle of 
incidence. The lines RF and RG are drawn perpendicular to the beams, 
and it can be seen that the ray BSM travels farther than the ray ARL 
by an amount equal to FS + SG. This extra distance is equal to a 
whole number 7 of wave lengths because the angle @ is such that the 
light at LM is in phase with the light at AB. 
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Then, 
FS + SG = nd (1) 
Furthermore, since 
; FS SG 
sin 8 = — = — 
d d 


FS = SG = dsin@ 
and 
n\ = 2d sin 6 (2) 


This is an important equation which gives the relationship of the 
distance between atomic or ionic planes in a crystal and the angle at 
which the reflected radiation has a maxi- 
mum intensity. Similar calculations can 
be made for the reflection from other 
crystal planes lying deeper in the crystal 
lattice. If the rays strike the crystal at 
angles other than 0, the extra distance 
FS + SG will be such as to give frac- 
tional parts of a wave length, and there 
will be interference of the light reflected 
from the different crystal planes, which 
will result in a weakening of the inten- 
sity of the reflected light. 

The reflection corresponding to n = 1 
is called the first-order reflection, the 
reflection corresponding to n = 2 is the 
second-order reflection, and so on. Each 
successive order exhibits a wider angle 
and weaker intensity. 

The maxima are found by rotating the crystal so as to change the 
angle @ at which the X-ray beam strikes the surface. If the X rays are 
incident on the face of a crystal for which d is known, the value of for 
the radiation used may be determined by measuring the angles at which 
the reflections of maximum intensity occur. On the other hand, if the 
wave length of the incident radiation is known, it becomes possible to 
determine the spacing of the atomic planes of atoms or ions within the 
crystal. 

The intensity of reflection of X rays at various angles can be deter- 
mined by the blackening of a photographic plate, or, more accurately, 
with an X-ray spectrometer using an ionization chamber as shown in 
Fig. 14. In this instrument a beam of X rays, generated as described 


Fic. 14. X-ray spectrometer. 
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on page 621, passes through a filter at A and is rendered parallel by 
means of two narrow slits B and B’. After passing through these slits, 
the rays are reflected from one of the faces of a crystal C, which is 
mounted as a reflection grating on the table of the spectrometer; and 
the reflected beam then passes through a slit D and enters an ionization 
chamber where its intensity is measured. 

The ionization chamber contains two electrodes, F, E’, connected to 
a high-voltage battery V through an electrometer G, the space between 
the electrodes being filled with sulfur dioxide or other gas which is easily 
ionized by X rays. 

In the absence of X rays or other ionizing rays, the gas between the 
electrodes acts as an insulator, and no current flows through the elec- 
trometer; but, when X rays pass through the gas, they form ions which 
are drawn to the electrodes, thus producing a current. The magnitude 
of the electrometer deflection depends on the number of ions formed 
which, in turn, is a measure of the intensity of the X rays. The crystal 
at the center and the ionization chamber attached to it are rotated 
around the spectrometer table and the electrometer deflections are 
recorded at each setting of the table. The deflections are then plotted 
against the angle of rotation to obtain the angles at which maximum 
reflection occurs as shown later in Fig. 18. 

Cubic Lattices. The regular system is the simplest of the crystal 
systems, and so it is explored here in some detail. From a visual exam- 
ination of sodium chloride it is evident that sodium chloride belongs to 
the cubic or regular system, with three equal axes all at right angles, but 
there is a possibility of three different cubic lattices as shown in the 
following figures. The simple cubic, shown in Fig. 15, has eight struc- 
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tural units, represented by black dots, one at each of the corners of a 
cube. These structural units might be charged ions, atoms, or molecules, 
and the arguments for deciding that they are ions in the case of sodium 
chloride will be presented a little later. The face-centered cubic lattice 
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shown in Fig. 16 has 14 ions, one at each of the eight corners and one at 
the center of each of the six faces. 

The body-centered cubic lattice shown in Fig. 17 has nine ions, one 
at each of the eight corners and one in the center. 

Through the use of X rays it is possible to establish the distances 
between the different sets of planes in a given cubic crystal and to de- 
termine to which of the three types the crystal belongs. 
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Fic. 16. Face-centered cubic lattice. 


In the simple cubic lattice shown in Fig. 15a, the (100) planes cut the 
X axis and are parallel to the Y and Z axes. In Fig. 156, the (110) planes 
cut obliquely across the X and Y axes but cut the Z axis at infinity, 
that is, they are parallel to the Z axis. The Miller indices for such a 
plane are (110), as already explained. In Fig. 15c, the planes cut 
obliquely across all three axes, intercepting each at the same distance 
from the origin and giving the Miller indices (111). The distance 
between (100) planes, dj99, is obviously the length of a face or 1. The 
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Fie. 17. Body-centered cubic lattice. 


perpendicular distance between the (110) planes, dyi0, is half the diag- 
onal of a face, ~/2/2 or 1/+/2. The perpendicular distance between 
the (111) planes, d111, is 1/+/3, a fact which is demonstrated geometrically 
on page 673 of the appendix. 

In the face-centered cubic lattice additional (100) planes can be 
passed through the black dots representing the crystal units as shown 
in Fig. 16a by vertical shading. They pass vertically through the 
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center of the front and back faces, and the distance between planes, 
dioo, is now 4 on the assumption that dio for the simple lattice is 1. 

An additional set of (110) planes parallel to the first set can be passed 
through the face-centered cubic lattice, as shown in Fig. 16b. These 
additional planes with vertical shading include the units in the centers 
of the front and side faces and come midway between the planes of the 
simple cubic lattice. The distance between planes then is one half as 
great as it is in the simple cubic lattice, and dio is 4 X 1/+/2. The 
(111) planes of the simple lattice already pass through the centers of all 
the faces of the face-centered lattice, as shown in Fig. 16c, and no new 
planes can be introduced. The distance between planes, dj, is then 
the same as in the simple lattice, namely, 1/+/3. 

In the body-centered cubic lattice additional (100) planes parallel to 
the first planes can be passed through the units in the centers of the 
cube, as indicated with vertical shading in Fig. 17a. These new planes 
are halfway between the planes of the simple lattice, and djo9 = 3. 
The (110) planes, as shown in Fig. 17b, already pass through the unit in 
the center of the cube, so that no new planes are possible. The value of 
dy10 is then the same as it was in the simple cubic lattice, namely, 1/+/2. 
The (111) planes, as shown in Fig. 17c, do not pass through the central 
units; and it is possible to insert another set of parallel planes through 
these units midway between the (111) planes of the simple lattice, as 
indicated with opposite shading. The distance between planes then is 
half as great, and dy, = 4 X 1/V/3. 

The ratios of the distances between the three different sets of planes 
in the three different types of cubes can now be summarized. 

Simple cubic lattice: 
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Body-centered cubic lattice: 
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It will now be shown how X rays can be used to determine which of 
these possible structures a crystal actually has. 


= 1:1.414:0.577 (5) 
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Crystal Lattice of Sodium Chloride as Determined with X Rays. 
The angles through which X rays are reflected from sodium chloride 
with maximum intensity are shown in Fig. 18. These measurements 
were obtained with a spectrometer such as that shown in Fig. 14, using 
a palladium target in an X-ray tube which gives two X rays differing 
slightly in wave length. The X ray used in the calculations is shown in 
full lines, the other in dotted lines. Three different spectra are obtained 
by mounting the crystal in the spectrometer in different ways and 
arranging to have the X rays reflected from the (100) plane, the (110) 
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Fig. 18. X-ray reflection from sodium chloride. 


or the (111) plane. The ordinates give the intensities of ionization as 
measured by the electrometer deflections, and the abscissas give the 
degrees through which the ionization chamber is turned starting from 
a point in line with the slits. These angles must be ‘divided by 2 to ob- 
tain the angle @ of reflection from the crystal, because the crystal face 
itself is inclined toward the incident light, and the angle of reflection is 
equal to the angle of incidence. The first-order reflections for the 
planes are found to occur at spectrometer readings * of 11.8°, 16.8°, 
and 10.4° for the (100), (110), and (111) planes, respectively, corre- 
sponding to values of 6 of 5.9, 8.4, and 5.2. 
Taking the ratio of the sines of these angles, we have 


sin 5.9°:sin 8.4°:sin 5.2° = 0.103:0.146:0.091 = 1:1.42:0.88 


and, since 
nr 


a 2 sin 0 


* The dotted maxima are due to a second X-ray spectral line. 
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it follows that the corresponding values of d should be in the ratio of 
the reciprocals of these numbers; that is, 


1 1 
di90:4110:011, = 1 : —— : —— = 1:0.704:1.14 
100 110 1} 1.42 0.88 


But we have already seen that, for a face-centered cubic crystal, 


penn 
V2° V3 


Therefore, the fundamental space lattice of a crystal of sodium chloride 
must be face-centered because the agreement between experimental 
determination and theoretical calculation is so close. 

In this calculation only the first-order reflections were used, where 
n= 1. Higher-order reflection maxima corresponding to values of 
n of 2 and 3, etc., are obtained also, and in the (100) plane in rock salt, 
shown in Fig. 18, there is a first-order spectrum at 11.8, a second order 
at 23.7, and a third order at approximately 36.3, each becoming pro- 
gressively weaker. 

If we take half of these angles, @ = 5.9°, 11.85°, and 18.15°, and 


dio0°4110:4114 = he = SOO? el ats 


sin 6; :sin 62:sin 63 = 0.103:0.205:0.312 


These numbers are very close to the theoretical ratios, 1:2:3, for the 
first, second, and third orders. 

The ratios of the sines of the angle of maximum reflection from the 
different planes establishes the fact that the crystal lattice of sodium 
chloride is face-centered cubic, but a comparison of the intensities of 
the first, second, and third orders gives additional information. The 
structural units of the sodium chloride crystal might be sodium chloride 
molecules, or there might be two separate lattices of atoms penetrating 
each other, the one consisting of sodium atoms or ions and the other 
consisting of chlorine atoms or chloride ions. If the lattice were made up 
of sodium chloride molecules, all units of the lattice would be the same, 
and the intensities of the X-ray reflections would always decrease pro- 
gressively from first- to second- to third-order reflection, as is the case 
with the (100) reflections. It may be noted, however, in Fig. 18 that 
for the (111) reflections the first order at 10.4° is weak, the second order 
at 20.8° is strong, and the third order is missing. This fact leads to the 
requirement of the two interpenetrating lattices shown in Fig. 19, and 
evidence will be cited presently to show that these interpenetrating 
lattices are composed of ions rather than atoms. 
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The radius of the sodium ion is 0.96 A and that of the chloride ion is 
1.83 A. Asa general rule, the negative ions in crystal lattices are found 
to be larger than the positive ions. The square connecting chloride ions 
is drawn in Fig. 19, showing the face-centered lattice of the chloride 
ions. Similar squares, each containing five chloride ions, could be drawn 
on any part of the faces. A simi- 
lar square is drawn with dotted 
lines for the sodium ions, and it is 
evident that such squares, each 
containing five sodium ions, can 
be drawn anywhere on any of the 
faces showing the face-centered lat- 
tice of the sodium ion lattice. It is 
to be noted that these lattices over- 
lap by half the length of the face, 
so as to give an interpenetrating 
lattice in which the corners of the 
sodium cube always come halfway 
Fig. 19. Crystal lattice of sodium chlo- Dae eC 
ride; small spheres sodium ions; large cube and the corners of the chlo- 

spheres chloride ions. ride cube come halfway between 
the corners of the sodium cube. 

A further examination of Fig. 19 shows that the (111) planes (which 
cut diagonally through the cubes in both horizontal and vertical planes) 
include only sodium ions or only chloride ions in a single plane. It may 
be remembered that the maximum in X-ray reflections occurs when the 
angle of the spectrometer is so adjusted that the paths between succes- 
sive layers of ions are equal to one wave length of the reflected radiation. 
If the rays are reflected from the (111) planes at such an angle that the 
rays from successive planes of chloride ions differ in path length by a 
whole number of wave lengths, the rays coming from successive sodium 
ion planes, which are spaced equally between them, will then differ by 
half a wave length and cause interference. The interference would be 
complete except for the fact that the chloride ions are 50 per cent heavier, 
and, owing to the larger number of electrons in each atom, the X-ray 
reflections are more intense. The reflections for the first-order reflec- 
tion should then be weak. For the second-order spectrum where n = 2, 
at 20.8°(0 = 10.4), however, there is a difference of a whole wave length 
between the rays from the chloride and sodium planes, so that there is 
no interference, and the reflection maximum is intense. The third- 
order spectrum again corresponds to a difference of a wave length and 
a half between the two sets of reflecting planes, and this interference, 
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combined with the fact that the third-order spectrum is naturally 
weaker, leads to its practical disappearance. 

The fact that in the (111) reflections the second-order maximum is 
more intense than the first-order reflection, as shown in Fig. 18, indicates 
that the sodium chloride lattice is composed of two interpenetrating 
lattices of sodium and of chloride. The second-order reflection, how- 
ever, should not be greater than the first order in the case of the (100) 
planes which are parallel to the sides nor in the case of the (110) planes 
which are vertical planes cutting the bottom plane diagonally. In 
these planes there are equal numbers of chloride and sodium ions, and 
the alternation between chloride and sodium planes found in (111) 
planes does not exist. Figure 18 shows that the abnormally greater 
intensity for the second order does not occur in the (100) and (110) 
planes. 

This interpretation of lattices is supported by further observations on 
potassium chloride and potassium bromide, which also crystallize with 
face-centered cubic lattices. In potassium chloride the first- and third- 
order reflections from the (111) planes are entirely missing, as would be 
expected from the fact that potassium and chlorine are so nearly of the 
same atomic weight and number of electrons that interference is com- 
plete. Potassium bromide, however, with unlike atomic weights, gives 
a definite but weakened maximum for first-order reflections from the 
(111) plane. Its second-order reflection, of course, is more intense be- 
cause there is no interference. 

In the sodium chloride lattice each sodium ion is surrounded by six 
chloride ions and each chloride ion by six sodium ions. Thus, if the cen- 
tral chloride ion is chosen in the square on the face of Fig. 19, it is seen 
that in this plane it is surrounded by four sodium ions. If another plane 
is passed through its center at right angles to the front face, there would 
be one sodium ion in back and one in front (if the lattice were com- 
pleted), in addition to the top and bottom ones already included in the 
first plane. The total number of sodium ions surrounding each chloride 
ion is thus seen to be six. There are no individual NaCl molecules in 
the sodium chloride crystal. In fact, the concept of molecules is not 
applicable to this type of crystal lattice. If the term molecule is applied 
at all, it might be used with reference to the whole crystal. Some types 
of crystals, however, as in the case of solid carbon dioxide, do have groups 
of atoms like molecules for the units of their crystal lattices. 

Lattice Units in Crystals. The crystal structure of sodium chloride 
has been worked out in detail to illustrate the use of X rays in deter- 
mining the type of lattice. In general, the analysis of the structure of 
a crystal involves assignment to a particular type of symmetry, cal- 
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culation of the distances in the lattice structure, and determination of 
the number of atoms in a unit cell. There are 230 different symmetry 
groups to which the crystal may belong, and the decision as to the cor- 
rect structure is based on the angles of X-ray reflections and the relative 
intensities. 

The particular crystal structure which will be taken by a given ele- 
ment or compound depends partly on the size of the ion and on the 
charge of the nucleus, that is, the atomic number as described on page 
621. The ions may be composed of single atoms or of groups of atoms. 
There are different standard types of structure for elements where all 
atoms are the same and for cempounds such as AB, AB2, ABs, and 
others. 

The three types of cubic crystals, simple, face-centered, and body- 
centered, were shown in Figs. 15, 16, and 17, and an example of inter- 
penetrating face-centered cubic lattices was shown in Fig. 19. A few 
other typical unicells are shown in Fig. 20. Several of these units should 
be stacked up along the three axes in space in order to bring out the full 
character of the lattice. 

The cesium chloride (CsCl) type of lattice consists of two interpene- 
trating simple cubic lattices. Each cube of eight chloride ions has at its 
center a cesium ion, and, likewise, each cube of eight cesium ions has 
at its center one chloride ion. The result is a lattice structure with each 
ion equidistant from eight other ions of the opposite charge. 

The zinc sulfide (ZnS) lattice is somewhat like the sodium chloride 
lattice in that it consists of two interpenetrating face-centered cubic 
lattices. The crystal structure of the diamond is of the same lattice 
type except, of course, that all the atoms of the whole lattice are of the 
same kind. Each carbon atom is surrounded by: four other carbon 
atoms in the tetrahedral arrangement for carbon familiar in organic 
chemistry. Four tetrahedrons of the crystal lattice meet at every car- 
bon atom, except at the surface, making a continuous lattice, so that 
the crystal may be regarded as one large molecule. 

In the cuprous oxide (CugO) arrangement, the oxygen atoms are 
arranged on a body-centered cubic lattice, and the cube can then be 
divided into eight smaller cubes, each touching the central atom at 
one corner. The copper atoms are arranged on a lattice which pene- 
trates the oxygen lattice so that the copper atoms come at the centers 
of the alternate small cubes. 

The rutile (TiOg) lattice illustrates the tetragonal lattice in which 
only two of the axes are of the same length. 

The close-packed hexagonal lattice is another example of a lattice 
which is not cubical. It is obtained by placing together six prisms 
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having equilateral triangles as bases. Seven atoms are placed at the 
top and bottom hexagons thus formed, and three additional atoms are 
placed in the centers of alternate prisms. Hexagonal close packing 
is one of the stable ways in which hard spheres can be forced close 
together. The structure is similar to that in which three spheres touch 
te form a triangle; a single sphere is piled on top, then another group of 
three, and so on. Thus, alternating layers of three and one are built 
up. This structure is found in several metals. 


Hexagonal close-packed 


Fig. 20. Some typical crystal lattices. 


The units of a crystal lattice are not necessarily atoms or monatomic 
ions. They may be molecules, as, for example, in carbon dioxide (COg), 
where a carbon atom is joined firmly to two oxygen atoms and placed 
at the eight corners and at the centers of six faces of a cube. The forces 
holding these molecular crystals together are very weak. The carbon 
dioxide crystal, for example, is stable only at low temperatures, and, 
when it vaporizes, the atoms in a given molecule stay together as a 
unit. Many of the low-melting organic compounds are of this molecular 
type. In the ionic lattices, such as sodium chloride, there is no union 
to form molecules in the crystal. 

Still another type of lattice, not shown in Fig. 20, is represented by 
calcium carbonate, sodium nitrate, and other salts. Three oxygen 
atoms are closely held by carbon atoms, giving carbonate ions which 
occupy definite positions as units in the crystal lattice. The calcium 
ions fill up the remainder of the lattice. A carbonate ion does not “‘be- 
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long” to a given calcium ion, but three particular oxygen atoms belong 
definitely to a given carbon atom. 

Binding Forces in Crystals. There are two fundamentally different 
types of attractive forces which hold atoms firmly together and several 
types of weaker forces which hold molecules together, as explained in 
Chapter III, the ionic or electrostatic attraction giving rise to heter- 
opolar bonds and the electron-pair bonding or exchange energy giving 
rise to homopolar bonds. 

Many crystals, including all the crystalline salts, give electrically 
conducting liquids when melted or dissolved, and it is natural to assume 
that the ions which produce this electric conductivity actually existed 
as charged ions in the crystal lattice. This view is supported by ade- 
quate experimental evidence.* Although the X-ray analysis of crystal- 
line sodium chloride proved that the sodium and chlorine exist as sep- 
arate units, it did not permit a distinction between their existence as 
neutral atoms or as charged ions. However, the absolute distance 
between units in the crystal lattice has been determined by X rays and 
compared with the radius of the atom and the radius of the correspond- 
ing ion as determined by other means. It has been found that in sodium 
chloride and crystalline salts, in general, the distance between ions in 
the lattice corresponds to the ionic radius rather than to the atomic 
radius. 

Another convincing argument for the ionic lattice of certain crystals 
depends on the lattice energies as determined from the heat of forma- 
tion and heat of evaporation. The energy required to separate the units 
in the crystal lattice agrees with that calculated on the assumption that 
the units are ions which are held together by electrostatic forces. Still 
another argument depends on measurements of the magnetic susceptibil- 
ities of the crystals. Since the magnetic effect is considerably greater 
for ionic bonds with their transferred electrons than for covalent bonds, 
it is possible to determine the type of binding which exists in the crystal. 
Measurement of most of the simple crystalline salts indicates that ionic 
binding is present. Other lines of evidence which indicate the ionic 
type of binding include measurements of light absorption and dielectric 
constant. 

Although the heteropolar and homopolar bonds account for many 
crystals and for the formation of chemical compounds from atoms, 
the additional concepts of electrostatic attraction mentioned in Chap- 
ter III are needed to explain the attraction which exists between mol- 


* Friedman and Shuler, in J. Chem. Education, 24, 11 (1947), have summarized 
the experimental evidence for the ionic structure of such crystals, making use of 
seven different types of measurements. 
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ecules. This intermolecular attraction due to dipole attraction accounts 
for the liquefaction of gases and for the formation of many crystals, 
particularly those which have low melting points like the carbon dioxide 
shown in Fig. 20. 

Structure and Properties of Crystals. Many of the properties of 
crystals can be predicted from classification of the crystal lattice and 
the type of binding. The geometrical arrangements obtainable from 
the crystal lattice have been discussed earlier in the chapter; now the 
lattice forces give additional information. There are four main types 
of crystals as follows: 

1. The tonie type with electrostatic binding is common in many 
salts. Sodium chloride is a good example. The ions of opposite charges 
are held together with strong forces which can withstand considerable 
thermal agitation. The crystals then are strong and possess fairly high 
melting points. The electrostatic attraction applies only to adjacent 
and oppositely charged ions. There is no fixed directed force of attrac- 
tion. The crystal planes will strongly resist any tendency to slip past 
each other, but, if sufficient external force is applied to move the planes 
slightly so as to displace the positive-negative ion positions, the force 
may be greatly weakened. Accordingly, although the ionic crystals 
are strong, they are apt to be brittle. They have very little elasticity 
and cannot easily be bent nor worked. 

2. The homopolar type of crystal with electron-pair bonds is very 
strong and hard and possesses a very high melting point. Diamond 
and zinc sulfide are examples of this type. The valence bonds are fixed 
and rigid, and large external forces are necessary to overcome the 
attraction which each atom has for all its neighboring atoms. As in 
the case of the ionic crystals, there are no larger groups of atoms that 
differ from the fundamental units of which the lattice is made, so that 
the whole crystal may be regarded as the molecule. 

3. The metallic type of crystal has atoms all of the same kind, and it 
is possible for atoms to move around slightly. Accordingly, the metals 
can be bent and worked. Although they are often less hard than the 
two preceding types, they are strong and much better able to withstand 
mechanical and thermal strains. In the metallic crystal the electrons 
are held loosely, and as a result the crystals are good conductors of 
electricity. 

4. The molecular type of crystal has a lattice which consists of mol- 
ecules held together by weak dipole interaction or van der Waals’ forces. 
Examples are carbon dioxide, carbon tetrachloride, argon, ice, and most 
organic compounds. Because the lattice forces are weak, the crystals 
are soft and possess comparatively low melting points. Most of the 


60 THE CRYSTALLINE STATE 


substances which have to be cooled below room temperature in order 
to crystallize are of this molecular type. 

In addition to lattice force and lattice type, ionic size is important 
in interpreting the behavior of crystals. In the larger atoms the outer 
electrons are situated farther from the positive nuclei of the atoms and 
are more easily removed and, thus, require less energy for ionization. 
Again, the structural pattern of the lattice is profoundly influenced by 
the size of the atoms andions. For example, in crystals of A Bo, the rutile 
type of lattice is formed when the ionic radius of A is 43 per cent of that 
of B; but, when it is 67 per cent, the crystal lattice is of a different type. 
The density and strength of metals and other materials are closely con- 
nected with the type of crystal lattice. 

The face-centered and the hexagonal close-packed crystals give 
arrangements of greatest density with the atoms closest together. If 
a pile of hard spheres of the same diameter is compressed into the 
smallest possible space, the packing is likely to follow one of these two 
arrangements. The elements, which have but one kind of atom, usually 
tend to crystallize in these forms. 

In isomorphous crystals one ion can replace another, but such a dis- 
placement is possible only when the crystal lattices are of the same type 
and the ionic radii are of approximately the same magnitude. 

The great difference between graphite and diamond can be understood 
in terms of the crystal lattice. In diamond every carbon atom is equi- 
distant from four other carbon atoms, and the crystal is hard and per- 
fect. Graphite has hexagonal networks in sheets resembling benzene 
rings of organic chemistry. The distances between atoms in the plane 
is 1.4 A, but the distances between these atomic layers is 3.41 A. In 
two directions, then, the carbon atoms are tightly held as in the diamond, 
but in the third direction the force of attraction is much less. This gives 
a structure such that one layer can slip over another. The crystals are 
less perfect and flaky, and yet the material is not wholly disintegrated 
under mechanical rubbing. It is excellent then as a lubricant. Other 
lubricants are also found to have a layer crystal structure. 

Determination of the Wave Length of X Rays. Measurements of the 
diffraction of X rays by crystals can be used in a qualitative manner, as 
already described, to establish the type of lattice for a given crystal. 
They can be used also to determine quantitatively the distance between 
planes when the wave length of the X rays is known; and, conversely, 
they can be used to determine the wave length of the X rays from the 
distance between planes when these can be determined independently. 

The distance between planes can be calculated from physical dimen- 
sions of the crystal and a knowledge of the number of ions which are 
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associated with each unit of the crystal lattice. In the case of the face- 
centered cubic lattice of chloride ions, each of the ions at a corner of a 
cube supplies a corner ion for seven other cubes; that is, each corner 
ion is shared by eight cubes stacked together so that only one eighth of 
each belongs exclusively to one unit cell. There are eight such corner 
ions, each contributing an eighth of its mass to the unit cell so that on 
the average there is one chloride ion for each unit cube of the chloride- 
ion lattice. Hach unit cube of the chloride lattice also has one ion on 
each of its six faces which is shared by an adjacent cube so that half of 
the six ions, or three, can be attributed to a given cube. On the average 
then, each unit cube of the chloride ion lattice has 1 + 3 or 4 chloride 
ions associated with it.* By the same reasoning, each of the unit cells 
of the sodium-ion lattice also is associated with four sodium ions. 

The density of sodium chloride is 2.163, and, accordingly, a mole 
occupies 58.45/2.163 or 27.0 em?. According to the Avogadro con- 
stant, it contains 6.02 X 107° chloride ions. Four of these ions are 
associated with each unit cell of the chloride lattice, so that there are 
(6.02 X 107°) /4 unit cells, and the volume of each is 


27.0 
6.025107 
4 


= 179 x 10-74 cm? 


The length of one edge of the unit cube of the chloride lattice is found 
by extracting the cube root of 179 K 10~** or 5.64 X 1078 cm. The 
same length can be calculated also for the unit cell of the sodium-ion 
lattice. 

Since the interpenetrating lattices of the chloride and sodium ions 
occupy the same over-all crystal volume, the distance between (100) 
planes will be half the length of a unit cube of the chloride or sodium 
lattices; that is, (5.64 X 10~%)/2 or 2.82 X 107° cm. 

Turning now to equation 2, substituting this value for d, and using 
the angle of the first-order reflection from the (100) plane shown in Fig. 
18, we have 

n\ = 2d sin 0 


1. = 2d sin 5.9° = 2 X 2.82 x 10-8 X 0.103 
x = 0.581 x 10-8 em 


Xrays are expressed in angstroms, one angstrom A being equal to 10s: em. 
The wave length of the X rays generated by the electron bombardment 


* This number of chloride ions in the chloride lattice unit is not to be confused 
with the number of sodium ions surrounding a single chloride ion discussed earlier. 
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of the palladium target at a given voltage in these experiments is thus 
shown to be equal to 0.581 A. The same value can be calculated using 
the measurements obtained with the maximum intensities reflected 
from the (110) or the (111) planes with either the first-, second-, or 
third-order reflection. Once the wave length of the rays has been de- 
termined, it is possible, with the help of the relation nA = 2d sin 6, to 
calculate the distance between planes of any other crystal for which 
angles of maximum reflection have been determined. 

The wave lengths of X rays can also be determined by diffraction of 
X rays from ruled gratings, if the angles of incidence 6 and reflection ¢ 
are very small, that is, less than 1°. Then, 


nm = d(cos 6 — cos ¢) 


where d is the distance between the lines mechanically ruled on the face 
of the grating. After wave lengths have been obtained in this way, the 
calculation given in the preceding paragraphs can be reversed to give 
Avogadro’s number. In fact, the value of Avogadro’s number now 
considered most accurate is obtained by application of this procedure 
to calcite crystals (CaCO3). 

X-Ray Analysis of Crystalline Powders. In the Bragg method of 
X-ray analysis, a movable ionization chamber and a large mounted 
crystal were used to determine the position and intensity of the reflec- 
tion maxima. Sometimes a strip of photographic film is substituted for 
the ionization chamber. It is then necessary to rotate the crystal by 
some type of clockwork mechanism so that the planes of the crystal 
lattice are sure to be set at the proper angle during part of the time in 
order to record the maxime in the reflection. Instead of reflecting X 
rays from a single large crystal, it is convenient to pass the X rays 
through a large number of small crystals oriented in random directions, 
as proposed originally by Hull and by Debye and Scherrer. The beam 
of X rays then gives lines on a photographic plate which are spaced at 
distances determined by the characteristics of the crystal lattice from 
which they have been reflected. Some of the small crystals will be 
oriented so as to give maximum reflections from the (100) planes, and 
others will give reflections from the (110) and the (111) planes. Many 
of the crystals, however, will not lie in the proper directions to give 
these reflection maxima, and they will give rise to interference of light 
reflected from the different layers and will not register on the photo- 
graphic plate. 

The powder method is very simple, and it has the advantage that only 
a few milligrams of crystalline material is needed for a measurement. 
Typical powder X-ray spectrograms obtained by Professor M. L. Jack- 
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son and Mr. R. P. Pennington of the University of Wisconsin are shown 
in Fig. 21. 

Applications of X Rays. Tigure 214 is a spectrogram of precipitated 
calcium carbonate and B is a spectrogram of a powdered calcite crystal. 
The fact that they are the same proves that the calcite is calcium car- 
bonate and that the chemically prepared calcium carbonate has the 


Fig. 21. X-ray powder spectra. A. Precipitated calcium carbonate. B. Calcite. 
C. Gibbsite. D. Clay solvated with water. H. Clay solvated with glycerol. 


crystal lattice of calcite. The presence of more clearly defined diffrac- 
tion lines in Fig. 214A than in B indicates that the calcite structure was 
somewhat distorted in the process of grinding into powder. 

Figure 21C is a spectrogram of crystals taken from the soft interior 
of bauxite. It shows that the formula for bauxite Alg03-2H.2O is only 
an approximation for a physical mixture of gibbsite Al,O3:3H2O with 
less hydrated material. 

Figures 21D and 21# illustrate the use of X rays in studying the be- 
havior of certain clays of interest in the study of soils. They are com- 
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plex aluminum silicates with a layer lattice capable of holding an adsorp- 
tion layer of water or polar organic compounds between the layers. 
Figure 21D shows the clay treated with water and E treated with glyc- 
erol. Although some of the lines are identical, others undergo interfer- 
ence, depending on the magnitude of the initial spacing, a fact which is 
helpful in studying the adsorptive properties of these clays. 

In organic chemistry the long chains and benzene rings which have 
been used in structural formulas now find experimental support from 
the data of X rays. As more CHg groups are added to a chain, the 
length of the crystal unit increases approximately 1.3 A for each carbon 
atom, but the cross section remains nearly constant. The hydrocarbon 
C17Hg3¢, for example, has a length of 24.3 A in the crystal lattice, whereas 
the hydrocarbon C35;H72 has a length of 47.7 A. 

Crystals which have only a slight degree of symmetry are difficult 
to interpret with X rays, because the crystals are poorly formed and 
the planes ill defined. In the examination of organic compounds and 
crystals containing light elements it is desirable to use soft X rays pro- 
duced with a target of copper or other light metal, because the X rays 
produced by targets of heavy metals are too penetrating. 

X-ray absorption varies with the density of the absorbing solid. A 
dense object leaves a shadow on a photographic plate or fluorescent 
screen. This property is utilized in the setting of broken bones, the 
extraction of teeth, the removal of bullets, the exploration for abnormal 
growths, and the examination of the chest for evidences of tuberculosis. 
The detection of smuggled diamonds, the search for stray metallic ob- 
jects in food products, and the examination of oranges for frost injury 
before packing are among the many miscellaneous uses to which X rays 
are put. 

Many metallurgical operations can now be studied more scientifically 
through the use of X rays. Different crystal forms produced by different 
heat treatments are readily recognized. Iron carbide in molten iron, for 
example, when cooled slowly, shows lines which are not present when it 
is cooled rapidly. A given alloy or material can be standardized by 
means of X rays, the desired product always giving the same pattern. 

Parts of machinery and special metals which are critically important, 
such as propellers for airplanes, driving shafts for engines, valves for 
corrosive liquids, and metal parts for large dams, are examined with 
X rays to insure the absence of structural flaws such as internal frac- 
tures or blowholes in castings. 

Even material which is not ordinarily classed as crystalline may be 
tested with X rays, for example, fibers, rubber, shellac, cellulose com- 
pounds, and asbestos. A photograph through a pinhole with monochro- 
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matic X rays gives concentric rings for powders and symmetrical arcs 
for fibers. 

In mineralogy and in chemistry the X-ray spectrum of an unknown 
material serves as an excellent means of identification, because the X-ray 
spectra are recorded for most of the minerals and compounds, and a 
comparison can be easily made. The presence of impurities is easily 
detected also by additional lines on the photographic plate, and the per- 
centage of these impurities can be estimated by comparing the intensi- 
ties of the lines with a series of spectrograms taken under identical 
conditions but containing known amounts of the impurity. The X ray 
is finding important application also in soil analysis, because it gives 
important information easily and quickly concerning the mineral con- 
stituents which are present. 

X-ray analysis has also been of great help as a research tool in inor- 
ganic chemistry. For example, in the study of the new man-made ele- 
ments, neptunium, plutonium, curium, and americium, it was possible 
to establish quickly the purity of compounds and the chemical composi- 
tion with exceedingly small amounts of material and without destroying 
the samples. 
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PROBLEMS 


1. A certain crystal face intercepts the X axis at 4a, the Y axis at b, and the 
Z axis at #c. What are the Miller indices of this face? Ans. A, 2, 3. 
2. In the reflection of X rays of wave length 0.643 A by a certain crystal, first- 
order maxima for the (100), (110), and (111) planes are obtained when @ is 7° 41’, 
5° 26’, 13° 34’, respectively. (a) What are the values of dio0, dito, and di1, and (6) 
what type of lattice has this crystal? 
Ans. (a) dio = 2.40 X 10-8 cm. (6) body-centered cubic. 
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3. Potassium bromide has a lattice which is equivalent to a face-centered cubic 
lattice, and the edge of the unit cube is 6.54 A. The unit contains the equivalent of 
4 ions of each kind. What is the density of the crystal? Ans. 2.83. 

4, Cesium bromide crystallizes as if it were a body-centered cubic. In the Bragg 
spectrometer using X rays of 0.576 A a first-order maximum for the (100) plane is 
obtained at an angle of @ of 7° 43’. What is the interplanar distance do? The 
length of the unit cell is 2 X dio, and it contains the equivalent of one molecule of 
CsBr. What is the density of the cesium bromide? Ans. 4.49. 


5. The Miller indices of three faces of a cubic crystal are (100), (010), and (001). | 


(a) What are the intercepts of the three faces? 
(b) Sketch the crystal showing these three faces. 

6. Potassium crystallizes with a body-centered cubic lattice. The density is 
0.8560 g per cubic centimeter. Calculate the distances (a) between (100) planes, 
(b) between (110) planes and (c) between (111) planes. 

7. Calcium oxide was examined with X rays having a wave length of 0.576 A. 
First-order maxima were observed for the (100) plane at 6 = 6° 54’, for the (110) 
plane at 9° 52’, and for the (111) plane at 6° 00’. What are the values of djo9, d110, 
and dj, and what type of lattice does this crystal have? 

8. A substance crystallizes in a form like that of sodium chloride. Its density 
is 1.984 g per milliliter and its molecular weight is 74.56. What is the length of the 
edge of a single cell? 

9. The crystal unit cell of MgO is a cube 4.20 A on an edge. Each cell contains 
the equivalent of 4 atoms of magnesium and 4 of oxygen. What is the density of 
crystalline magnesium oxide? 

10. Copper is a face-centered cube in crystalline form, with the dimensions a = 
b =c = 3.608 A. Calculate its density. 


11. The diamond has a crystal lattice which is face-centered cubic, and there are 
8 atoms in a unit cell. Its specific gravity is 3.51. What possible reflection angles 
could be found for the diamond crystal from the (100), (110), and (111) planes with 
an X-ray beam of wave length 0.712 A? Reflections have been observed at 6109 = 
23° 40’, 0110 = 16° 20’ and 613; = 10° 0’ with maximum intensities. Do these data 
indicate a first-, second-, or third-order reflection? 

12. Metallic iron investigated with monochromatic X rays from an unknown 
source at 20° gave first-order reflection maxima when @ = 11° 36’, 8° 3’, and 20° 26’ 
in the (100), (110), and (111) planes, respectively. At 1100° the maxima occurred 
when 6 = 9° 8’, 12° 57’, and 7° 55’. 

(a) What do these results show concerning two crystalline modifications of iron 
which are stable at these two temperatures? 

(6) Calculate doo for the 20° form. The density of iron at 20° is 7.86. 

(c) Calculate the wave length of the X rays used. 

(d) What is the density of iron at 1100°? 


SS 


CHAPTER V 
PHYSICAL PROPERTIES AND MOLECULAR STRUCTURE 


A physical property, such as molecular weight, which depends on the 
number and kind of atoms in the molecule is called an additive property. 
A physical property, such as the optical rotation of light, which de- 
pends on the particular arrangement of atoms within the molecule is 
called a constitutive property. A great many physical-chemical prop- 
erties are additive in part and constitutive in part. The prediction of 
physical properties from the known constitution is valuable from both 
a practical and a theoretical viewpoint. Likewise, these physical prop- 
erties are useful in identifying chemical substances and deciding ques- 
tions of their molecular structure. 

The rigid bonds which hold organic molecules together make definite 
constitutions possible, whereas the mobility of ions in solution prevents 
a definite spatial structure. This chapter, therefore, is concerned 
chiefly with the materials of organic chemistry. 

Refractive Index. The extent to which a beam of light is bent or re- 
fracted when it passes from one substance into another depends on the 
relative number of atoms in the two substances which are in the path 
of the light (that is, on the concentration), on the kind of atoms, and 
on the arrangement of atoms within the molecules. Accordingly, the 
refractive index, which is a quantitative measure of this refraction of 
light, may be used to determine concentration of materials, to establish 
the identity and purity of a chemical compound, or to ascertain the ar- 
rangement of atoms within the molecule. 

When a beam of light passing through one substance strikes the sur- 
face of a second substance, the direction of the beam is changed. The 
angle of incidence 7 is the angle which the oncoming beam makes with 
a line perpendicular to the surface which separates the two substances, 
and the angle of refraction p is the angle which the diffracted beam, 
traveling in the second substance, makes with reference to a line per- 
pendicular to the surface. The index of refraction n is then defined by 


the equation, 
sin 2 


n= (1) 


sin p 
67 
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The index of refraction can be defined also as the ratio of the velocities 
of light in the two substances. Usually the refractive index given in the 
tables refers to the index of refraction measured when the light emerges 
from the substance into air. Because the refractive index of air itself 
changes with the temperature, pressure, and humidity, the absolute 
refractive index has been established as the ratio of the velocity of light 
in a vacuum to the velocity of light in the given medium. The ordinary 
refractive index measured in air can be converted into absolute refrac- 
tive index by multiplying by the refractive index of air, which is about 
1.00029 under standard conditions. 

The experimental measurements of refractive index is one of the 
easiest and most accurate measurements of physical chemistry. It can 
be determined easily to two parts in 10,000 under laboratory conditions 
where the temperature is carefully controlled. In making a refractive- 
index measurement, the beam of light is usually passed from air through 
the solid or liquid medium being measured and then through a glass 
prism and out into the air again. The refractive index may be calcu- 
lated from the angle through which a telescope must be turned in order 
to pick up the emerging beam on a cross-hair. The angle measured 
includes the refraction at the liquid—glass interface and at the glass—air 
interface, so that a calculation (shown in the appendix on page 674) is 
necessary to obtain the refractive index of the liquid against air. 

In some refractometers the angle of the emerging light beam is read 
on a scale which is calibrated not in degrees but directly in refractive 
index—a procedure justified by the fact that the refractive index of the 
glass prism against air is a constant. 

The index of refraction depends on the wave length of the light em- 
ployed, the refraction for the red being less than that for the violet light. 
The wave length of the light used in measuring the refractive index n is 
recorded as a subscript. Measurements of the refractive index are 
often referred to the D line of sodium, 5893 A, but sometimes the green 
mercury line at 5461 A, or the lines of the hydrogen spectrum H,, Hag, 
or H, are used as the source of light. The temperature at which the 
measurements are made is indicated by a superscript. Thus the symbol 
np refers to the refractive index measured at 25° with sodium light. 
Monochromatic light is used for the greatest precision, but white light 
may be used if a compensating prism is adjusted so as to eliminate any 
color fringe. Because the angle of refraction changes with the wave 
length to a different extent for each substance, it is necessary to adjust 
such a compensator for every substance measured. 


The refractive indices of several different substances are given in 
Tables I and IT. 


MOLAR REFRACTION 69 


TABLE I 


REFRACTIVE INDICES WITH DIFFERENT Wave LenetTus or LIGHT 


Compound Formula ne nis, nit, nin, 
Thenardite Nae SOc one 1.464 1.474 1.485 
Tridymite PO Sites es ame feerceaiy pede 1.469 1.47 1.473 
Formic acid CH202 1.37137 1.36927 1.37643 1.38041 
Ethyl bromide C.HsBr 1.42386 1.42113 1.438046 1.48595 
Benzene CoHe 1.50144 1.49663 Iai ePars 1.52361 
Aniline CyH7N 1.58629 1.57948 1.60484 1.62074 
n-Propy] alcohol C3Hs0 1.38543 1.38345 1.39008 1.39378 
Nitrobenzene CsHsNOe 1.55291 1.54593 ED CUZ li ecweestessuere 


1Tn refractive index the superscript specifies the temperature. 


Molar Refraction. The refractive index of a fluid varies with tem- 
perature and pressure as the number of molecules in the path of the 
light is changed, but the specific refraction r is quite independent. of 
these variables. On the basis of the electromagnetic theory of light, 
Lorenz and Lorentz have shown that 


igor al 


"an +2 a 


where vn is the refractive index and d the density. The molar refraction 
is equal to the specific refraction multiplied by the molecular weight. 


Example 1. The refractive index np of allyl alcohol at 20° is 1.41345, the 
density at 20° is 0.8540, and the molecular weight is 58.078. Calculate the 
molar refraction. 


M(n? —1) _ 58.078 (1.41345? — 1) 
Mrp re == 


d(n? +2) 0.8540 (1.41345? + 2) 


_ 58.078 X 0.99784 
~ 0.8540 X 3.99784 


= 16.97 


The refractive index at 20°, the specific refraction, and molar refrac- 
tions are given for several common liquids in Table II. 

The refraction of light is an additive property, but it is also partly 
a constitutive property depending on the structural arrangement of 
the atoms within the molecule. The molar refractions of a large number 
of organic and inorganic compounds have been determined, and it has 
been found that many atoms and groups of atoms always contribute 
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the same definite amount to the molar refraction of any compound in 
which they are found. Thus, in a homologous series of aliphatic com- 
pounds a difference of CH2 in composition always produces a difference 
of 4.618 in the molar refraction. The molar refraction of hexane, | 


TABLE II 


Mo.uar REFRACTIONS 


| 

Compound Formula nip, rp Mriy 
Carbon tetrachloride CCl4 1.4573 0.1724 26.51 
Acetone (CH3)2CO 1.3571 0.2782 16.15 
Benzene CeHe 1.4979 0.3354 26.18 
Ethanol C.H;0H 1.3590 0.2775 12.78 
Toluene CsHsCH3 1.4929 0.3356 30.92 
Chloroform CHCls 1.4426 0.1780 21.25 
Acetic acid CH3;COOH 1.3698 0.2154 12.93 
Ethyl acetate CH3COOC2H; 1.3701 0.2527 22.29 
Water HO 1.3328 0.2083 3.75 


CegHy4, is 29.908, and, by subtracting from this value six times the effect 
of the CHgy group, it is possible to obtain the atomic refraction of the 
hydrogen atom, namely, 1.100. Thus, 


29.908 — (6 X 4.618) 
2 


= 1.100 


From these data the atomic refraction of carbon is readily calculated, 
thus: 
4.618 — (2 X 1.100) = 2.418 


Again the atomic refraction of bromine is obtained by subtracting the 
atomic refractions of two carbons and five hydrogens from the molar 
refraction of ethyl bromide. 

The atomic refractions are affected by the structural features. For 
example, the molar refraction of BrH2C — CH>Br is 26.966 and the 
molar refraction of BrHC = CHBr is 26.499.* If the atomic refrac- 
tions of the hydrogen and bromine atoms are subtracted, the value for 
C — C is 4.836, and for C=C it is 6.569. Since the two carbons to- 
gether have a value of 4.836, it follows that a double bond between 
carbon atoms contributes an additional 1.733 to the molar refraction. 


* The experimental values available in the literature give 27.0 and 26.3. 
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Table III has been built up in the manner just indi¢ated, averaging 
the results for a large number of compounds. 


TABLE III 


Atomic REFRACTIONS 


Group Mrp Group Mrp 

CHe 4.618 Cl 5.967 
H 1.100 Br 8.865 
Cc 2.418 i 13.900 
Double bond (C=C) 1.733 N (pri-amines) 2.322 
Triple bond (C=C) 2.398 N (sec-amines) 2.499 
O (carbonyl) (C=O) BsPaul N (tert-amines) 2.840 
O (hydroxyl) (—O—H) Io 20 —O==N 5.459 
O (ethers) (R—O—R) 1.6438 


This table is useful in determining the structure of molecules as it 
enables one to select the atom or group of atoms with the proper struc- 
tural features so that the sum of the atomic refractions will add up 
to give a total which is equal to the experimentally determined molar 
refraction. 


Example 2. A substance having the analysis C;HgO might be either acetone 
CHsg H H 


| 


| 
CO or allyl alcohol C=C—-C—OH. Determine which of these two sub- 


CHs veh Jel Jol 
stances it is from the fact that the molar refraction Mrp is 16.974. 
Acetone Allyl Alcohol 
3 carbons = 7.254 3 carbons = 7.254 
6 hydrogens = 6.600 6 hydrogens = 6.600 
1 carbonyl oxygen = 2.211 1 double bond (C=C) = 1.733 
1 hydroxyl oxygen = 1.525 
16.065 

Zale, 


Since the experimentally determined molar refraction agrees with that cal- 
culated for allyl alcohol, the substance is allyl alcohol rather than acetone. 


Rotation of Polarized Light. Ordinary light can be plane-polarized 
by passing it through a Nicol prism or a “Polaroid” film with the result 
that the electromagnetic vibration of the transmitted light is confined 
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toa simple plane. A Nicol prism consists of a crystal of doubly refract- 
ing Iceland spar cut and cemented in such a way that one of the rays 
is refracted to one side and the remaining one which passes through is 
plane-polarized. Polaroid films are made by incorporating into a trans- 
parent plastic a large number of small crystals of a compound, such as : 
an iodide of quinine, which possesses the property of double refraction, } 
and orienting them all in one direction. 

When certain optically active substances are placed in a beam of | 
polarized light, the plane of polarization is rotated either to the right or 
to the left and the extent of this optical rotation is measured quantita- 
tively in a polarimeter, the principle of which is shown in Fig. 22. 


OAH 


Fig. 22. Diagram showing the principle of the polarimeter. 


A beam of monochromatic light is passed through a Nicol prism or 
other means for producing plane-polarized light; thence, through a tube 
containing the optically active material; and, finally, through a second 
Nicol prism. When these prisms are placed at right angles with no 
optically active material intervening, the only light passed by the 
first prism is stopped by the second, and the rear field appears dark. 
When optically active material is introduced, however, the light ap- 
pears again, and the second prism must be rotated in order to prevent 
the passage of light. ‘The number of degrees through which the second 
prism must be rotated, in order to stop the beam of polarized light, is a 
measure of the optical rotation. For dextrorotatory substances it is 
necessary to rotate the rear prism to the right; for levorotatory sub- 
stances it must be turned to the left. It is difficult to know when the 
second prism has been rotated just far enough to allow the minimum 
passage of light, and, accordingly, a reference is used to improve the 
accuracy. An additional Nicol prism or a thin sheet of optically active 
material is placed behind the first Nicol prism so as to intercept half the 
field and give a slightly different degree of rotation. When the back 
Nicol prism is crossed with the unobstructed half of the light from the 
first Nicol, the other half of the field is lighter, and, when it is crossed 
with the obstructed half, the unobstructed half becomes lighter. A 
sharp and reproducible reading is obtained when the second Nicol 
prism is turned so that both halves of the field are equally illuminated, 
and the line of demarkation between the two disappears. 

The extent of the optical rotation depends on several factors, including 
the nature of the substance; the length of the column through which the 
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light passes; the concentration, in case the material is dissolved in a 
solution; the wave length of the light; and the temperature. Accord- 
ingly, it is helpful to employ a term in which the number of these varia- 
bles is reduced. Fulfilling these requirements is the specific rotation 
defined by the following equation, 


(3) 


where a is the observed rotation in degrees, / is the length of the path in 
decimeters * of optically active material through which the light passes, 
and g/v is the number of grams of optically active material g in v milli- 
liters of volume. For solids or liquids g/v is simply the density; for 
solutions it expresses the concentration of active material. The wave 
length is recorded as a subscript. The yellow D light of the sodium are 
or the intense green light of the mercury arc is usually used in polari- 
metric measurements. The temperature t does not greatly affect the 
specific rotation; sometimes it is recorded as a superscript, but, if the 
temperature is not recorded, room temperature or about 20° is assumed. 

The specific rotations are useful for the rapid and accurate analysis 
of optically active materials, as indicated in the following example: 


Example 3. An aqueous solution of maltose containing 13 g in 100 ml was 
examined in a polarimeter having a cell 20 cm in length and found to have a 
rotation of 34°. What is the specific rotation of maltose? Another solution of 
maltose gave a rotation of 42.5° in a cell 10 cm long. What is the concentration 


in grams per liter? 
34 X 100 


250 = ° 

[ae = ae 130.8 
42.5 < 1000 

i 13082 aoe 


Optical Activity and Molecular Structure. Optical activity is found 
most often in compounds which contain a carbon atom attached to 
four different atoms or groups of atoms. Such a carbon atom is called 
an asymmetric carbon atom, one of the simplest examples of which is 
lactic acid indicated in Fig. 23. 

The compounds which rotate the plane of polarized light to the right 
in a clockwise direction as viewed in a polarimeter are called dextro- 


*It would be better to express the length in centimeters, as is done with most 
other physical-chemical properties, but the tables and the literature record specific 
rotation using decimeters. 
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rotatory, and those which rotate it to the left in a counterclockwise 
direction are called levorotatory. 

The molar rotation M[al, is obtained by multiplying the specific rota- 
tion by the molecular weight /@.* The molar rotation M [a]? of sucrose 
(sugar) is M X 66.43° in dilute solutions in water and the molar rotation 
of d-glucose is M X 52.48°. If the dextro and levo forms occur together 
in equal amounts in the same solution, the two rotations offset each other, 
and no optical activity is observed. Such a mixture is called a racemic 
mixture. As a matter of fact, almost all material which is capable of 
exhibiting optical activity is found in the racemic form when produced 


H H 
a aon ae ascent is tee 
OH an 
Levo Dextro 


Fig. 23. Structure of levo- and dextrolactic acid. 


in the laboratory. In synthesizing lactic acid, for example, there is 
equal probability of obtaining either the dextro or levo form, and the 
same numbers of molecules of each are formed. 

Although the dextro and levo forms have nearly the same physical 
and chemical properties, except for the rotation of polarized light, they 
can be separated. Microorganisms sometimes will destroy one form 
more rapidly than the other. For example, a certain mold growing in a 
racemic mixture of tartaric acid will thrive at the expense of the dextro 
acid and leave the pure levo acid. Other microorganisms, or rather the 
enzymes which they contain, may consume the levo form and leave the 
dextro. Most optically active organic compounds are obtained from 
some plant or animal product or some fermentation process in which 
slight difference in one of the growth processes, such as solubility or 
rate of reaction, may be involved. In a second method of separating 
dextro and levo optical isomers, the racemic mixture is allowed to react 
chemically with an optically active material which gives products 
having slightly different solubilities. Optically active alkaloids have 
been used for separating the d and I forms of acids. Another method 
of separating racemic mixtures has been reported in which one compo- 
nent is preferentially decomposed photochemically through the use of 
circularly polarized ultraviolet light. 

Sometimes the two optical isomers crystallize out in crystal forms 
which are alike except that one crystal form is the mirror image of the 


* In the older literature these molar rotations are divided by 100. 
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other. They can then be separated by hand picking, as was done first 
by Louis Pasteur in his brilliant researches on the optical activity of 
tartaric acid. 

The magnitude of the rotation is, in part, connected with the relative 
masses of the atoms or groups of atoms surrounding the central asym- 
metric carbon atom, and some regularities occur in homologous series. 
The specific rotation of some solutes is the same in different solvents, 
but usually it varies in a manner which is specific for each solvent and 
solute. Apparently some loose combination with the solvent at certain 
parts of the molecule changes the rotation. Ionization of the optically 
active molecule usually leads to a marked change in the specific rota- 
tion. Optical activity is not restricted to the asymmetric carbon atom; 
it has been observed in compounds containing asymmetric atoms of 
nitrogen, sulfur, tin, cobalt, and other elements. Moreover, it has been 
observed in certain types of organic compounds which contain an un- 
symmetrical grouping but no asymmetric atom. 

Crystals exhibit two different types of optical activity. In some 
crystals, as, for example, in sugar, the molecules themselves are opti- 
cally active. In others, as, for example, in quartz, the crystal rotates 
the plane of polarized light by virtue of a spiral arrangement of the units 
in the crystal lattice. 

Absorption of Light. The mechanism by which light is absorbed by 
molecules is discussed more fully in Chapters XIX and XX, but it may 
be stated here that absorption of light in the visible and ultraviolet 
regions of the spectrum involves the displacement of electrons within 
the molecules. Absorption in the infrared region where the wave 
lengths are longer involves the displacement of atoms. According to 
the quantum theory, a beam of light is composed of many units of radia- 
tion called photons. The energy of one photon is called a quantum of 
energy, and it depends on the wave length of the light, the quantum 
being large in the ultraviolet, of lesser energy in the blue, and still less 
in the red and infrared. However, all the photons in monochromatic 
light of a given wave length have the same energy. 

There are only certain displacements of electrons or atoms within 
the molecule which are permissible according to the quantum theory, 
and, when the photons in a beam of light passing through a given mate- 
rial happen to have about the same energy as the energy required to 
bring about a permissible change within the molecule, there is a definite 
probability that the photon will be absorbed and its energy consumed 
in effecting the displacement inside the molecule. 

When white light or polychromatic light containing many different 
wave lengths is passed into a substance, some of the light may be ab- 
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sorbed, the rest being either transmitted or reflected. A substance 
appears colored because part of the light is absorbed. For example, a 
solution of copper ions appears blue because, when white light is passed 
through it, the red and yellow light is absorbed, and only the blue is 
transmitted to the eye. The colored light, transmitted or reflected, can 
be measured by passing it through a spectrometer and spreading it out 
into a spectrum by means of a prism or grating. 

In some cases where there is discontinuous absorption, the light will 
appear as narrow lines of light which are images of the slit of the spec- 
trometer. In most cases the absorption is continuous, and the bright 
light transmitted extends over a considerable range of wave lengths 
giving bands instead of lines. Dark regions in the spectrum show that 
light corresponding to those particular wave lengths is absorbed. An 
examination of the character and intensity of the absorption spectrum 
is a method widely used for the identification and determination of the 
absorbing material. 

Absorption in the ultraviolet is measured with the photographic 
plate; absorption in the visible is readily detected either with the eye 
or with a photographic plate.* Infrared radiation does not affect the 
eye, or the common photographic plate, or the ordinary photoelectric 
cell, and so the absorption spectrum is determined with a sensitive 
thermopile which absorbs the heat rays and converts them into elec- 
tricity which is measured with a galvanometer. Near-infrared radi- 
ation can be measured with specially sensitized photographic plates. 
Glass prisms and lenses are satisfactory for visible light, but quartz or 
fluorite CaF, is generally used for the ultraviolet, and rock salt or potas- 
sium bromide for the infrared. The apparatus must be transparent to 
whatever light is being used. 

The wave length of light is measured in angstroms. One angstrom,} A, 
is one hundred millionth (107%) of a centimeter. 

Light is described also in wave numbers which are expressed in recipro- 
cal centimeters. For example, ultraviolet light of 2500 A, has a wave 
length of 2.5 X 10~° cm and a wave number of 1/(2.5 X 1075) or 
40,000 reciprocal centimeters. Strictly speaking, the wave lengths used 
in calculating wave numbers should be measured in vacuum, and, if 
desired, the wave length measured in air can be converted to wave 
length measured in vacuum by multiplying by 1.00029 which is the 
refractive index of air. 

* Apparatus and methods of spectrometry are described in “Experimental Physical 


Chemistry,” by Daniels, Mathews, and Williams, McGraw-Hill Book Co., New 
York, 1941. 


t The millimicron, mu, which is 10~7 cm, is a unit of wave length equal to 10 A. 
General practice is tending toward its elimination. 


ABSORPTION OF LIGHT 77 


The frequency of light, obtained by multiplying the wave number by 
the velocity of light, 3 X 10!° cm sec, is important in photochemistry 
(page 597) and in calculations of energy. 

The percentage of light transmitted at a given wave length may 
be measured in different ways. The spectrum may be photographed 
with a spectrograph, and the blackening of the plate indicates the wave 
lengths at which light is transmitted. In this way it is easy to determine 
at what wave lengths absorption bands occur. The plate is calibrated 
for wave lengths by comparison with a spectrum of known wave lengths, 
such as mercury or iron spectrum, taken with the same spectrograph. 
Over a limited range of exposure, the blackening is directly propor- 
tional to the amount of light striking the plate, and an estimate of the 
intensity of light transmitted at a certain wave length can thus be 
made. The blackness may be compared directly with an adjacent 
exposure on the same plate produced in the same length of time by a 
beam of light whose intensity has been reduced by a definite measured 
amount using a sector wheel, Nicol prisms, or a wire screen. Also, the 
density of the spectrogram may be determined quantitatively by pass- 
ing a narrow beam of light along the plate and measuring with the help 
of a photoelectric cell or thermopile the light absorbed by different parts 
of the plate. 

The use of photocells in absorption measurements is increasing 
rapidly in popularity. The deflection of a sensitive galvanometer con- 
nected to a photoelectric cell or 
photovoltaic cell is directly propor- 
tional to the light transmitted, and 
it is not necessary to make a photo- 
graph of the spectrum. The light 
may be divided into short spectral 
regions by means of filters or by 
prisms or gratings and the per cent 
transmission determined for a nar- 
row band of the spectrum. 

The principle of such an instru- Fia. 24. Spectrophotometer for meas- 
ment is shown in Fig. 24. A beam uring the absorption of light at different 
of light is passed through a narrow wave lengths. 
slit onto an optical grating A, from 
which it is reflected through a cell C containing the solution, and thence 
to the photocell D which is connected to the galvanometer. The per- 
centage of light transmitted is calculated by dividing this deflection I 
by the deflection I, obtained when cell B containing the solvent is slid 
along into the path of the light, displacing the cell C. By turning the 
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screw the grating is turned so as to pass any desired wave length through 
the cell. In this way the transmission I/Ip) may be determined for the 
different wave lengths, and the spectrum may be mapped. When the 
desired absorption band is located, the instrument may be set for this 
wave length and the transmission determined for different concentra- 
tions of absorbing material. The positions of the absorption bands and 
lines serve for identification and for criteria of purity, whereas the per- 
centage transmissions serve for quantitative analyses of the amount of 
material present. 

Emission spectra of volatilized metals and compounds are readily 
obtained using an arc, a spark, or a flame, and these are valuable in 
qualitative and quantitative analysis. In quantitative estimation of 
the amounts of material, it is necessary to compare the blackening of 
the plate with the blackening produced by known amounts of the 
standard substance volatilized and activated under identical condi- 
tions of current and voltage. 

Lambert’s Law. It was stated that the extent of the absorption 
depends on the probability that the energy of the quantum will be 
transferred to the molecule where it can effect a chemical reaction or 
where it is dissipated eventually as heat. It depends also on the num- 
ber of molecules in the path of the light. This probability is expressed 
mathematically by the proportionality constant k’ in the formula, 


a (4) 
7 


where J is the intensity of light, that is, the number of photons per second 
per square centimeter hitting the surface, and dJ is the change in light 
intensity produced by absorption in a very thin layer dl of the absorbing 
material. A large value of this proportionality constant k’ indicates 
that the material is very absorbing. The value of k’ varies with the 
wave length of light. 

At a given wave length the intensity J of transmitted light after the 
beam has passed through | centimeters of the absorbing medium is 
related to the initial intensity Ig by equation 5, which is obtained by 
integrating * equation 4 between the limits Jy when 7 = 0, and I at 
length J. 


] fie k'] 5 
n =— 
- (5) 


* Details of this simple integration are given in Daniels’ “Mathematical Prepara- 
tion for Physical Chemistry,”” McGraw-Hill Book Co., New York, 1928, page 132. 
{ In signifies log.; log signifies logio; 2.803 log x = log, x. 
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Beer’s Law. ‘The intensity of transmitted light is affected by a 
change in the concentration of absorbing material as well as by a change 
in the thickness of the absorbing material. If the length of the absorb- 
ing cell is fixed, Beer’s law gives the relation, 


Ee kad (6) 
ee Cc 

I 
where c is the concentration, expressed in moles or grams per liter. Usu- 
ally equations 4 and 6 are combined giving the Beer-Lambert law, 


I 
In— = —klc 
Lo 
or, in exponential form, 


= Teen (7) 


where k is called the absorption coefficient. 

The equation is such that a straight line is produced when the log- 
arithm of the fraction of light transmitted, I/Jo, is plotted against the 
concentration of absorbing material when the same absorption cell is 
used so that the length / is constant. 

Equation 7 may be written with logarithms to the base 10, as 


I 
log — = —Ele (8) 
Io 
where F is known as the extinction coefficient. When 1 is in ems and c is 
in moles per liter, the resulting molar extinction coefficient is sometimes 
given the symbol e. 


Example 4. When a 1.9-cm absorption cell was used, the absorption of blue 
light by bromine dissolved in carbon tetrachloride was found to be as follows: 


Concentration of Brg (c) in 
moles per liter 0.00546 0.00350 0.00210 0.00125 0.00066 
Transmission (J /Io) 0.010 0.050 0.160 0.343 0.570 


Calculate the molar extinction coefficient e. 
In Fig. 25, log I/Io is plotted against concentration, and the constant € is 
calculated from the slope of the line and the thickness of the cell to be 193. 
What per cent of the incident light would be transmitted by 2 cm of a solution 
containing 0.00155 mole of bromine per liter of carbon tetrachloride? 


log + = —de= —193 X 2 X 0.00155 = —0.599 = 1.401 
0 


if 
es ee ; iD 
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That is, 25 per cent of the light is transmitted, and 75 per cent is absorbed, neg- 
lecting the amount reflected. 


0 2.5 5.0 7.5 
Concentration of bromine (Br,) in moles 
per liter (x 10°) 


& 


Fic. 25. Graph showing the transmission of light as a function of the absorbing 
material. 


The amount of light absorbed, A, is equal to the difference between 
the incident light and the transmitted light. Thus, 


A= Ip = = Ip = ee) (9) 


In this calculation the reflected light is ignored, but it may be estimated. 
It amounts to about 4 per cent when a perpendicular beam of light goes 
from air to glass or glass to air. 

The absorption of light is widely used now for measuring quickly and 
accurately the concentration of a colored material. 

The transmission of light can be measured visually by comparing 
the intensity with the intensity of light after passing through a known 
standard solution in a colorimeter. 

In a colorimeter the depth of a known standard solution is adjusted 
until the intensity of transmitted light just matches, according to the 
eye, the intensity transmitted by the unknown solution being analyzed. 
The concentration is readily calculated from the depth of the solutions 
and the concentrations of the standard solution. 

Analysis by the absorption of light has many advantages. It is quick 
and accurate and can be carried out without disturbing the material or 
withdrawing a sample. Although it is limited to colored substances, it 
must be remembered that most substances are colored in the ultraviolet 
and infrared. Applications in these fields are now receiving attention. 
In fact, the quantitative analysis of complex mixtures of organic com- 
pounds in the cracking of petroleum is now done effectively with the 
help of absorption spectra at different wave lengths in the infrared. 
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K Absorption and Chemical Structure. 


The absorption of light may be 


used not only for determining the concentration of the colored sub- 


stance but also for identifying it. The 
spectroscope is very widely used for 
analysis by emission spectra, but it 
is used also for absorption spectra. 
Many ions, dyes, and other colored 
organic and inorganic substances have 
characteristic absorption spectra. A 
ketone group (~C=O), for example, 
absorbs between 3000 and 4000 A, 
depending on the adjacent groups, 
and again in the infrared at 58,000 A. 

The absorption of light by a solu- 
tion changes with the thickness of the 
layer and with the concentration in a 
manner which is characteristic for 
each absorbing material. Sometimes 
the spectrum is photographed at a 
number of different thicknesses or at 
a number of different concentrations, 
and the region of absorption gradually 
narrows as the solution is diluted. 
The wave length of the last part of the 
absorption band to fade out is charac- 
teristic of the absorbing material. 

It is often possible to predict the 
absorption spectra of organic com- 
pounds from a knowledge of the 
structure and the influence of substi- 
tuted groups. Likewise, the absorp- 
tion spectra are helpful in deciding 
questions of chemical constitution. 
Several spectra, plotted in different 
ways, are shown in Figs. 26, 27, and 
28. 

Figure 26 gives the absorption 
spectrum throughout the visible of 
the intensely colored compound which 
is produced when a solution of ferrous 
iron is mixed with a certain dioxime.* 
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Fia. 26. Absorption spectrum of 
compound formed with ferrous iron 
and a dioxime. Numbers 0.4 to 4 
indicate parts per million of iron in 
solution in a cell 1 cm thick. 


This colorimetric test is a very 


* Griffing and Mellon, Anal. Chem., 19, 1018 (1947). 
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sensitive method for testing for ferrous iron, one part per million giving 
a large change in the amount of light transmitted. 
Figure 27 gives an excellent absorption spectrum of chlorophyll from 


ereen leaves showing the two components, chlorophyll A and chloro- | 


phyll B, with slightly different absorption maxima. This spectrum is 
adapted from one by Zcheile * obtained with a spectrometer provided 
with a photoelectric cell. 
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Fic. 27. Absorption spectrum of chlorophy]l. 


Figures 28a and b are taken from an investigation on vitamins by 
Ewing, Vandenbelt, and Kamm.{ The absorption spectrum of a vita- 


min obtained from biological sources and dissolved in hexane is shown 
in Fig. 28a. Several different pure organic compounds suspected of being 
the effective vitamins were then examined in the same spectrograph, 
but only the compound 2,3-dimethyl-1,4-naphthoquinone gave a spec- 
trum closely resembling that of the vitamin. The similarity of the spec- 
trum of this compound, shown in Fig. 28b, to that of the vitamin was 
instrumental in showing that this compound is the vitamin K,. Then 
biological tests proved that this deduction was correct. The curves in 
Fig. 28a and 6 are given as extinction coefficients EH at different wave 


* Zcheile, J. Phys. Chem., 88, 95 (1934). 
} Ewing, Vandenbelt, and Kamm, J. Biol. Chem., 181, 345 (1939). 
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lengths in angstroms, using a 1 per cent solution in hexane in a cell 1 em 
thick. The smaller absorption in Fig. 28a shows that the vitamin was 
not completely pure or that the molecular weights were different. 
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(a) (6) 
Fig. 28. Absorption spectrum (a) of vitamin K, obtained from biological sources 
compared with absorption spectrum (6) of 2,3-dimethyl-1,4 naphthoquinone. 
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‘ The Parachor. It has been shown that the refraction, rotation, and 
absorption of light are easily measurable quantities which are useful in 
deciding questions of molecular structure. The determination of den- 
sity may be used also. The molar volumes of organic liquids at their 
critical temperatures, that is, at the temperature at which the liquid is 
indistinguishable from the corresponding gas at high pressures, as ex- 
plained on page 12, should offer possibilities for significant comparison. 
When the gram-molecular weights of different substances are taken, it 
is clear that the comparison involves equal numbers of molecules. It 
has been found that the volume of atoms and groups of atoms in organic 
compounds at the boiling point can be approximated by taking the sum 
of the atomic volumes. There is some theoretical basis for this relation, 
because it is shown on page 182 that the boiling temperatures of non- 
polar liquids are roughly equal fractions of the critical temperatures. 
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Much more accurate results are obtained, however, if the molar 
volumes are compared not at their boiling points under atmospheric 
pressures but at temperatures at which the liquids have the same surface 
tension. Sugden * developed a relationship which he based partly on 
the observation that when the surface tensions are equal some of the 
differences in specific properties of different liquids tend to disappear 
and partly on a relation pointed out by McLeod that the surface ten- 
sions of many liquids are proportional to the fourth power of the dif- , 
ference between the densities of the liquid and the vapor. According 
to this relation, the molar parachor P of Sugden is defined as follows, 


onal £5’ (10) 
~ Dog * 


where y is the surface tension defined on page 184, M is the molecular 
weight, D is the density of the liquid, and d is the density of the satu- 
rated vapor, all measured at the same temperature. The density of 
the vapor may be neglected when the vapor pressure is low. The 
molar parachor P is the sum of the atomic parachors, just as the molar 
refraction is equal to the sum of the atomic refractions, and the values 
for the atomic values are obtained in a similar manner by averaging 
many different molar values and taking differences. In the molar 
parachors the structural features play a part so that the physical meas- 
urements can be used in helping to decide questions of molecular struc- 
ture. A summary of the values is given in Table IV. 


TABLE IV 


ATOMIC AND STRUCTURAL PARACHORS 


Cc 4.8 Br 68.0 Double bond 23.2 
H abrcea I 91.0 Triple bond 46.6 
O 20.0 N 12.5 5-membered ring 8.5 
Cl 54.3 Ss 48 .2 6-membered ring 6.1 
HE 
C=C 
A> Geom tt 
Example 5. Parachlorotoluene ClCsH,CH3 or Cl—C C—CH has 
INS e/g 
C—C 
Jaf ish 


a surface tension of 32.24 dynes per centimeter at 25°. Its density at this tem- 
perature is 1.065. 


* Sugden, J. Chem. Soc., 125, 1177 (1924); “The Parachor and Valency,” George 
Routledge and Sons, London, 1930. 
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Neglecting the density of the vapor at this temperature, what is the value of 
the parachor? 
Mis vesr snl 265 


ge Fang ae lS ir 


(32.24)4 = 283 


What is the value calculated from the atomic and structural parachors? 


Re eer ia Bee 17.1). 8 28.2) (LX 6.1) 2888 


The parachor seems to give quite accurate results in correlating 

structure with the physical properties of organic compounds. * 
»* Electron Diffraction.t The arrangements of building units within 
crystals have been clearly revealed by means of the diffraction of X 
~ rays, as already described. A beam of electrons generated in a vacuum 
between two charged plates (as in a radio tube) has many of the prop- 
erties of a beam of light of very short wave length (page 590). These 
electrons, when moving at high uniform velocities, are deflected by the 
nuclei of atoms, and the extent of the deflections permits a calculation 
of the arrangement of atoms and the distance between the atomic nuclei. 
Space models are constructed which account for the observed deflec- 
tions in a manner similar to that by which space models are constructed 
for interpreting the Laue photographs obtained from the diffraction of 
X rays. More direct methods of interpretation are also available. { 

The X rays are very penetrating; the electron beams at lower volt- 
ages are but slightly penetrating. The X rays, then, are suitable for 
studying the structure of crystals and solids and liquids, but the elec- 
tron diffraction is more suitable for studying gases and adsorbed gases 
and surface layers. The arrangement of atoms and ions in the crystals 
determines the crystal lattice, whereas the arrangement and distance 
of atoms in the individual molecules of a material in the gas phase give 
the molecular structure. This determination of the distance and angles 
between atoms in a molecule is now finding important applications in 
the calculation of chemical equilibria and reaction rates and in many 
other fields. 

In carrying out measurements on molecular structure the electrons 
at a very uniform voltage of 40,000 volts per cm in a vacuum are shot 
out of a small pinhole at a photographic plate about 10 ecm away. A 
stream of vapor of the substance to be studied is passed at a low pres- 
sure (10-° mm) across this space. Short exposures of about a second 


* Quayle, Owen, and Estes, J. Am. Chem. Soc., 60, 2716 (1938); also later papers. 
+ Brockway, Rev. Modern Phys., 8, 231-266 (1936); Clark and Wolthuis, J. Chem. 
Education, 15, 64-74 (1938); Pirenne, “The Diffraction of X-Rays and Electrons by 
Free Molecules,’’ Cambridge University Press, Cambridge, 1946. 
t Pauling and Brockway, J. Am. Chem. Soc., 57, 2684 (1935). 
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each and subsequent development of the plate give rings of varying 
intensity, depending on the positions of atoms within the molecule. 
The diameters of the rings of different intensities are measured and used 
to decide which of many possible spatial arrangements of the atoms is 
the correct one. 

Figure 29 is reproduced from an electron-diffraction photograph of 
hexamethylbenzene prepared by Dr. A. J. Stosick at the Gates Chemical 
Laboratory of the California Insti- 
tute of Technology. 

One other example of the use of 
these diffraction patterns in molec- 
ular structure may be _ cited. 
Chemical evidence shows that in 
1,2-dichloroethylene the two car- 
bon atoms are joined by a double 
bond with one hydrogen and one 
chlorine atom attached to each 
carbon. If it is assumed that all 
the atoms lie in a plane, there are 
two possibilities: in the czs form 
the two chlorine atoms lie on the 
same side of the carbon double 
bond; and in the trans form they 
lie on opposite sides. The dis- 
tances between the two chlorine atoms will be different in the two forms. 
Electron diffraction patterns show that in the czs isomer of dichloroethy- 
lene the distance is 3.22 A, and in the trans isomer it is 4.27 A. Models 
of these two molecules are shown in Fig. 34 on page 94, and the radii 
of some of the common elements of organic chemistry as determined by 
electron diffraction are given in Table VI on page 92. 

Dipole Moments. Nonpolar or electrically symmetrical molecules 
tend to give nearly perfect gases or ideal solutions, with properties which 
are proportional to the number of molecules present. The simple laws 
of physical chemistry involving surface tensions, heats of vaporization 
and solution, additive volumes, and other phenomena apply much 
better to the nonpolar substances than to the polar. Thus, polar or 
electrically dissymmetrical molecules form gases which are not ideal 
and liquids which are associated. 

Molecules are composed of positively and negatively charged par- 
ticles in such numbers that they are neutral as a whole. In polar 
molecules there is a finite distance of separation between what may be 
termed the centers of gravity of the positive and negative electricity, 


Fic. 29. Electron diffraction pattern of 
hexamethylbenzene. 
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and the polarity of a molecule becomes less as these centers of gravity 
in a molecule approach each other. When placed in an electric field 
a polar molecule will tend to orient itself in such a way that the positive 
part of the molecule points toward the negative electrode and the nega- 
tive part points to the positive electrode. The force required to orient 
the molecule will depend on the magnitude of the charges and on the 
distance between them. The dipole moment p is described as the product 
of the electric charge and the distance between the two average centers 
of positive and negative electricity. It serves as a useful quantitative 
measure of the extent to which a molecule is polar. 

Experimental measurements of this dipole moment have become 
of great importance in studying the structure of molecules, because 
they measure the electrical dissymmetry in molecules. Thus, they 
provide information concerning the shape of a molecule. Moreover, 
solubility and the properties of solutions, the deviations from simple 
gas laws and ideal solutions, and the influence of solvents on reaction 
rates and equilibrium constants probably can be interpreted more 
quantitatively through measurements of dipole moments. 

The measurement of the dipole moment is complicated by the fact 
that all molecules, whether polar or nonpclar, possess the property of 
becoming polarized when placed in an electric field. ven those non- 
polar molecules whose electric charges are uniformly distributed, as in 
Hz or CCl, acquire a positive charge at the part which is nearest the 
negative electrode and a negative charge at the part which is closest to 
the positive electrode. This induced molar polarization is sometimes 
called distortion polarization Pp, whereas the other, permanent polari- 
zation is called orientation polarization P,. The latter quantity is the 
more significant in physical chemistry. It can be determined from 
measurements of dielectric constants in two different ways—by deter- 
mining the dielectric constant in the gaseous state at several tempera- 
tures, or by determining the extent to which the substance in the dis- 
solved state in a solution of a nonpolar solvent contributes to the dielec- 
tric constant of the solution. By extrapolating the measurements of 
dielectric constant to infinite dilution, a value is obtained which cor- 
responds to a situation in which the molecules of solute are so far apart 
that they do not induce electric charges in each other. The first method 
is more accurate and simple in theoretical treatment but less convenient 
in experimental procedure. The quantitative relations follow. 

The dielectric constant « measures the relative effect of the medium 
on the force with which two oppositely charged plates attract each 
other. The dielectric constant of a vacuum is taken as unity, but for 
practical purposes the dielectric constant of air is nearly unity. The 
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dielectric constant of a liquid or gas is determined * readily by measur- 
ing the electric capacitance of a capacitor when empty and when filled. 
The force attracting the two plates of the capacitor depends on the size 
of the plates, the distance between the plates, the medium between 
them, and the quantity of electricity which they hold. In the same 
capacitor the size and distance of the plates are constant, and the ratio 
of forces, that is, the dielectric constant ¢, is equal to the ratio of charges 
of electricity. Then, 
Cz 


= jal 
: Caz 


where C, and C,;, refer to the electric capacitances of the capacitor 
when filled with the medium being measured and with air. 

The molar polarization P of a substance can be calculated from its 
experimentally measured dielectric constant ¢« using a formula developed 
by Clausius and Mosotti on the basis of theories of electric charges 
induced by charge plates. This formula may be taken as a definition of 
P, thus, 

e—1 M 
P= <a (12) 
e+ 2 d 
where M is the molecular weight and d is the density. It may be noted 
that, inasmuch as ¢ is merely a ratio without physical dimensions, the 
molar polarization has the dimensions of molar volume, M/d. 

The total molar polarization is due to two effects as already explained, 

thus: 


Debye showed how these two quantities can be separated. The 
induced polarization Pp, produced by the electric fields, is unaffected 
by an increase in temperature, but the permanent or orientation polari- 
zation P, depends on temperature, because the random thermal agita- 
tion tends to break up the alignment of the molecules, and at the higher 
temperatures more of the permanent dipoles which would tend to orient 
themselves with respect to each other are torn apart. 

It has been shown by Debye { that the permanent dipole moment u 
is related to the permanent or orientation polarization P, by the formula, 


P (; v) # 
A eiNS ener aD 


* “Experimental Physical Chemistry,” McGraw-Hill Book Co., New York, 1941, 
Chapters XIII and XXV. 

} Debye, “Polar Molecules,’ Chemical Catalog Co., New York, 1929; or Dover 
Publications, Inc., New York. 
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where N is the Avogadro constant 6.02 X 1073, and k is the Boltzmann 
constant or gas constant per molecule. The molecular gas constant is 
related to the molar gas constant by the equation, 

R 8.314 < 104 ee ioe 

(=—= se Ls erg per degree 

vee G.0225<. 102° ate ; 
The factor 47N is used in electrodynamics to convert these molecular 
quantities into molar quantities. 

The induced polarization produced by the electric field is proportional 

to the polarizability or the electric moment per molecule a, induced by 
an electric “eld of unit strength. Then, 


Py = (40N)a (15) 


Substituting the values of Pp and P,, just developed into equation 13 
* R= Pog. F (; v) Ss (- y) = (16) 
= = i WB Qa mu eae 
ss Pilg ae TENG? Re Shr 
In the gaseous state the molecules are so far apart that they do not 
induce electric effects in adjacent molecules, and a as well as » may be 
considered constants. Then equation 16 gives a straight line, thus, 


1 
ee b= tz 
@, 5 T (17) 


where a and Bb are constants. 
The dielectric constants « and the densities are obtained at several 
temperatures, and the correspond- 
ing total molar polarizations P are 
calculated with the help of equa- 
tion 12. These values of P are 
then plotted against 1/7, and the 
slope 6 of the resulting line de- 
scribed by equation 17 enables one 
to calculate the dipole moment up, 
since b = 47Nu?/9k. Thus: 


0.0025 0.0030 0.0035 


Okb a 
“= AGN = 0.01282 X 10-8-V'b Fie. 30. Calculation of dipole moments 


uk of gases from molar polarizations at dif- 
(18) f 
erent temperatures. 
These calculations are illustrated 
in Fig. 30 for the chlorine-substituted compounds of methane as meas- 
ured by Sadnger.* It is seen that CH, and CCl, give horizontal lines 


* Sanger, Physik Z., 27, 562 (1926). 
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when P is plotted against 1/7. The slope is zero, and the dipole 
moment is zero. This is to be expected because the molecules are 
symmetrical. The sloping lines for CHCl3, CH2Cle, and CH3Cl show 
that the molecules have dipole moments owing to the unsymmetrica 
arrangement of the negative chlorine atoms. The steeper the slope th 
greater is the dipole moment. 

According to the second method for the determination of yu, already 
mentioned, the dipole moment » can be determined by extrapolatin 
the molar polarization P of the solutions to infinite dilution, all th 
measurements being made at constant temperature. The close relation: 
which exists between dielectric constant e and refractive index n, when 
the molecules are far apart, leads to the following equation at infinite 
dilution: 

n? —1M 


Prine ee 
S ee oe 


Then, the permanent molar polarization P, of the solute can be ob- 
tained from the measured molar polarization P., at infinite dilution 
and the known refractive index of the solute, thus: 


ae | M 
<= (19) 


Ee os ere 
n +2 d 


Once P, has been determined, the value of » can be determined from 
equation 14 as follows: 


B= 0.01282 x 106 VP 


Dipole moments of several typical substances are given in Table V. 
The dipole moment is always of the order of 107'* electrostatic units. 
TABLE V 
Dirote Moments 


In Electrostatic Units 


AgClO, 4.7 X10 |) CeH;Cl L780 HCl 1.03: < 105% 
CeHsNO2 | 4.23 CsH;0H | 1.70 HBr 0.79 
(CH3)2CO | 2.8 CoH;0H | 1.70 HI 0.30 

H20 1.84 CeHsNHe | 1.56 N20 0.14 

CHa 0 || Ns 1.46 CO 0.12 

CH3Cl 1.86 H2S 1.10 CSe 0 

CHe2Cle 1.59 He 0 CoH4 0 

CHCl, 1.15 Cle 0 CoH, 0 

CCl, 0 COz 0 CeHe 0 
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This is to be expected, because the unitary charge of electricity is 4.8 X 
10~?° electrostatic unit (page 396), and the diameter of most molecules 
is of the order of 10~° em. The dipole moment is the product of the 
charge and the distance between the two charges. Dipole moments 
are sometimes expressed in Debye units, one such unit being 107'® 
electrostatic unit. 


O—()—0  O-(1)——O 


Symmetrical linear Unsymmetrical linear Triangular 


Fic. 31. Possible structures of carbon dioxide. The symmetrical line model is the 
only one consistent with the observed dipole moment of carbon dioxide. 


Carbon dioxide and water might have structures corresponding to a 
symmetrical linear molecule, to an unsymmetrical linear molecule, 
or to a triangle as shown in Fig. 31. The dipole moments recorded in 

Table V show that carbon dioxide has zero moment and the molecule 
must be symmetrical and linear. If it were unsymmetrical or triangu- 
lar there would be an unbalancing of the electric charges. On the 
other hand, water has a pronounced dipole moment and it cannot have 
the symmetrical linear structure. Measurements of band spectra 
show that it has the triangular form rather than the unsymmetrical 
linear form. 


NO, 


NO, 
Benzene Para dinitrobenzene Meta dinitrobenzene Ortho dinitrobenzene 
= He =0.3 f= 3.8 fM=6.0 


Fig. 32. Dipole moments of the dinitrobenzenes. 


To a certain extent dipole moments of groups of atoms may be 
added as vectors in molecules, but there are deviations which are im- 
portant aids in determining the molecular structure. * 


* Additional examples of the use of dipole moments are given by Smyth, “Dielec- 
tric Constant and Molecular Structure,’’ Chemical Catalog Co., New York, 1931; 
Sidgwick, ‘The Covalent Link in Chemistry,” Cornell University Press, Ithaca, 
N. Y., 1933, pages 138-198. 
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The cis and trans isomers of dichloroethylene have been discussed 
already in connection with electron diffraction. Measurements of 
dipole moments are also significant. The cs isomer with the two chlo- 
rines on one side of the carbon-carbon double bond has a dipole moment 
of 1.56 X 10718, whereas the more symmetrical trans isomer has aj 
dipole moment of only 0.3 & 1077. | 

The disubstituted benzenes, shown in Fig. 32, are interesting. Th : 
arrows indicate the vectors and show that the dipole moment increases 
progressively as the molecule becomes more unsymmetrical. a 

Atomic Models. The distance between atoms may be determined) 
from measurements of electron diffraction. The “bond angles” which 
valence bonds make inside the molecule may be found from measure- 
ments of dipole moments. These considerations apply best to the non- 
polar compounds or covalent molecules in which atoms are held together 
chiefly by electron pairs rather than by electrostatic attraction. 

By measuring the interatomic distances in many nonpolar com- 
pounds Pauling has been able to assign bond lengths or atomic radii to 
each element on the assumption that these bond lengths are additive. 
Not only is the atomic radius fixed for a given atom, but also the bond 
angles are fixed. These rules hold as long as the bonds are normal and 
the molecule is free from strain. Table VI gives the bond radii for a 
number of atomic species. 

The single bond of carbon has a bonding radius of 0.77 A, and hydro- 
gen has a bonding radius of 0.30 A, and so the separation for C—H is 
0.30 + 0.77 = 1.07 A. Similarly, the interatomic distance for C—C is 
0.77 + 0.77 = 1.54 A. When double bonds are present, all the adja-- 
cent bonds lie in a single plane. Thus ethylene and benzene have 
planar structures. 


TABLE VI 

Bonp Rani 

(angstroms) 
Hydrogen 0.30 Nitrogen (nitrate) (single) 0.70 
Carbon (single bond) 0.77 Chlorine 0.99 
Carbon (double bond) 0.67 Bromine 1.14 
Carbon (triple bond) 0.60 Todine 1.33 
Oxygen (single bond) 0.66 Nitrogen (cyanide) 0.55 
Oxygen (double bond) 0.57 Carbon (benzene) (C—C) 0.69 
Nitrogen (amino) 0.70 Carbon (benzene) (C—H) UE Les 
Nitrogen (nitrate) (double) 0.65 


These bond radii and bond angles are represented in Fig. 33. Models 
are available * in which nearly 1 cm represents 1 A, and the faces of 


* Fisher-Hirschfelder atomic models. 
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the atoms are cut so as to give the correct bond angles. Models of 
molecules may then be built up which represent the actual relations 
on a large scale, and certain deductions can be drawn from these models. 
Models are shown in Fig. 33 for hydrocyanic acid, ethanol, and benzene. 


3 
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Fic. 33. Atomic and molecular models giving correct interatomic distances and 
angles. 


In Fig. 34 the cis and trans forms of dichloroethylene are shown, and 
the reasons for the difference in dipole moments is readily apparent. 

Hexane, which is shown also in Fig. 34, has a long snakelike structure 
which can move around in various positions, but the probabilities of 
free motions of the cyclohexane shown just below it are greatly reduced. 
This reduction of the probable motions leads to a decrease in entropy, 
which is discussed on page 144. 

Whenever the interatomic distance is not equal to the sum of the 
bond radii, it may be concluded that there is something abnormal, 
such as a strained position or the existence of more than one molecular 
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structure, brought about by rapid oscillation of the electrons between 
different positions, as described on page 38. Conjugated double bonds 


Ge) Ge) 
BD OS 


Trans 
Dichloroethylene 


Cyclo hexane 


Fie. 34. Typical molecular models. 


are good examples of such resonating structures. Butadiene, for exam- 
ple, has the structure, 


—C=C—C=C— 


and illustrates this type of resonance. It is found that in butadiene 
the carbon-carbon distances are not exactly equal to the sum of the 
normal bond radii. When resonance occurs, the compounds are more 
stable than would otherwise be expected, and they have abnormally 
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low heats of reaction; that is, an extra amount of energy is required to 
pull the atoms apart when new compounds are formed. 

Summary of Experimental Methods. We have seen that there are 
several different ways in which we can obtain information regarding 
the arrangements of atoms within a molecule. It is possible to choose 
between different structural features by finding the proper atomic 
properties which will add up to give the experimentally determined 
molar property. Molar volumes based on density, parachors involving 
surface tension, and molar refractions calculated from the refraction of 
light are examples which have been discussed. 

Optical rotation is useful sometimes in showing that the molecule 
contains an asymmetric carbon atom. Determination of the dipole mo- 
ment gives information concerning the shape of the molecules and the 
bond angles, whereas the determination of the magnetic moment per- 
mits conclusions regarding the type of electron binding. 

Electron diffraction and X-ray patterns give information from which 
the atomic spacings can be determined through construction of models 
which will reproduce the observed effects. 

It is shown later that calorimetric measurements of the heats of reac- 
tion of a series of compounds sometimes bring out abnormalities which 
can be explained on the basis of special features in the molecular 
structure. 

Finally, the information obtained from absorption-band spectra, in 
the visible, ultraviolet, and infrared, and the Raman spectra, as dis- 
cussed in Chapters XIX and XX enables one to calculate vibration 
frequencies and force constants of the atoms within the molecule. 
These aspects of the molecular structure are important in determining 
thermodynamic quantities. 
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PROBLEMS 


1. Calculate the molar refraction of diethyl ether, (C2H;)20. The refractive 
index, np at 17.1° is 1.35424, and the density at 17.1° is 0.7183 g per milliliter. 
Compare this value with the sum of the atomic refractions. 

Ans. (a) 22.48. (6) 22.32. 

2. Geraniol has the formula CyoHjs0, and its chemical behavior is such as to 
warrant the conclusion that it is a primary alcohol. The value of mp is 1.4745 from 
which the molecular refraction is calculated to be 48.71. What conclusions can you 
draw regarding the structure of this compound? Ans. Two double bonds. 

3. The specific rotation ap of a solution of d-ethoxysuccinic acid in water is i 
33.02 at 17° C. Calculate the concentration of this compound in grams per liter in a 
solution which has a rotation of 2.02° when measured in a polarimeter at 17° C in 
which the container of the solution is 20 cm long. Ans. 30.6 g per liter. 

4. Using Beer’s law and Lambert’s law, derive the formula for the use of the 


d 
colorimeter, cz = 7 ce where c and d stand for the concentrations and depths, s 
x 


refers to the standard solution, and z refers to the unknown solution. 
im H 
tk Chigrahenians CcERE! of CL=Cgg ties 
<a ey 
isl, dal 
dynes per centimeter at 25°. Its density at this temperature is 1.106. 
(a) If the density of the vapor at this temperature is neglected, what is the value 
of the parachor? 
(b) What is the value calculated from the atomic and structural parachors? 
Ans. (a) 244.1. (6b) 244.3. 
6. The dielectric constants and densities of germanium tetrachloride at various 
temperatures are tabulated. Calculate the molar polarizations at these temperatures, 
and determine the dipole moment. Ans. Zero. 


CH has a surface tension of 33.19 


‘° 0 20 30 40 50 
€ 2.491 2.443 2.417 2.395 2.370 
d 1.9226 1.8762 1.8533 1.8296 1.8063 


7. By extrapolation the molar polarization of pyridine oxide, CsH;NO, in an 
infinitely dilute solution in dioxane is found to be 411 at 25°. The molar refraction 
of C5H5NO is 28 and this is approximately equal to Pp. Calculate the dipole moment. 

Ans, 433 < 109% 


8. Calculate from the atomic refractions the refractive index of allyl acetate, 
Mp, at 20°. The density of allyl acetate at 20° is 0.9276. The formula is 
CH3;COOCH2CH=CHe. The experimental value is 1.4045. 

9. A solution of /-mandelic acid in water containing 1.56 g in 100 ml rotated 
polarized light 4.91° in a polarimeter which had a cell 20 cm long. The D line of 
sodium was used as a light source. Calculate the specific rotation. 

10. At 35° the surface tension of butyl laurate (C1;H23COOC,Hs) is 27.47 dynes 
per centimeter. The density is 0.8490. Calculate the parachor of the compound, 
assuming that the density of the vapor is negligible, and compare it with the value 
calculated from the atomic parachors. 
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11. Calculate what concentration of bromine in a layer 5 cm thick will be neces- 
sary to absorb 50 per cent of the blue light passing through it. 

12. (a) With the help of Fig. 26, plot the logarithm of the per cent of light trans- 
mitted at 5400 A against the concentration of iron expressed in parts per million. 

(6) Green light of 5400 A is passed through a solution containing a trace of iron 
to which dioxime has been added. One centimeter of the resulting colored solution 
absorbs 50 per cent incident light. What was the concentration of iron expressed in 
parts per million? 

13. The following data for a sample of linseed oil at 25° were found experimentally: 
Refractive index np = 1.4792; density = 0.9260; molecular weight M = 783 
(polymerized); dielectric constant « = 2.349 extrapolated to infinite dilution in 
benzene. Calculate the dipole moment of the linseed oil at 25°. 

14. The molar polarization of silicobromoform SiHBrs3 is 46 at 25°. The induced 
electrical moment a may be taken as 1.308 X 10~*°. Calculate the dipole moment 
of this molecule. 


15. The refractive index of n-heptyl fluoride CH3(CH2)s;CHeF is 1.8861 at 20°, 
and the density is 0.804. 

What is the refractive index of fluorotrichloromethane CCl3F at 20° if the density 
is 1.494? 

16. A preparation of [-proline when dissolved in water gave a concentration of 
23 g per liter at 20° and rotated polarized light from the D line of sodium through 
—3.05°, as measured with a polarimeter in a cell 20 cm long. The specific rotation 
at 20° of pure /-proline is —84.9°. What conclusions can be drawn as to the purity 
of the product if it is assumed that any impurities are optically inactive? 

17. Ethylene dibromide CH2Br—CHp2Br at 25° has a density of 2.170 and a surface 
tension of 38.2. Calculate the parachor, and compare it with the sum of the atomic 
parachors. 

18. At 30°, the density of boron triethyl B(C2H5)3 is 0.6774, and its surface tension 
is 19.84 dynes per centimeter. Using the atomic parachors of carbon and hydrogen, 
calculate the atomic parachor of boron. 

19. In order to test the validity of Beer’s law in the determination of vitamin A, 
solutions of known concentration were prepared and treated by a standard procedure 
with antimony trichloride in chloroform to produce a blue color. The per cent trans- 
mission of the incident filtered light for each concentration in a given cell is as follows: 


Conc. 
(micrograms per milliliter) Per Cent Transmission 
1.0 66.8 
2.0 44.7 
3.0 29.2 
4.0 19.9 
5.0 133 


Plot these data so as to give a straight line. A solution, when treated in the standard 
manner with antimony chloride, transmitted 35 per cent of the incident light in the 
same cell. What was the concentration of vitamin A in the solution? 

20. A certain solution of a blue dye absorbs 25 per cent of the red light in a thick- 
ness of 1 cm. 

(a) How much of the light will be absorbed by 2 cm of solution? 

(b) How much will be absorbed by 10 em of solution? 

(c) What depth of solution will be required to absorb only 10 per cent of the light? 
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21. The molar polarization P of ammonia varies with temperature as follows: 


t (°C) el 35.9 59.9 113.9 139.9 172.9 
P(ml) 57.57 55.01 51.22 44.99 42.51 39.59 


(a) Plot P against 1/7, and determine the dipole moment of ammonia. 
(b) If the density of ammonia gas at 59.9° and 1 atm is 0.632 g per liter (0.000632 g 
per milliliter), what is the dielectric constant of ammonia under these conditions? 


22. In synthesizing ethyl (/-ethyl propenyl) allyleyanoacetate, 
CoH, 

cu,cH—t CN 

a tears cena 


none of whose physical constants were known, a product was obtained having a re- 
fractive index n3) of 1.4617 and a density of 0.9704 at 25°. What conclusions can 
be drawn as to the purity of the compound? 

23. Nicotine is examined in a tube 10 cm long, at 25° with the sodium D line. 
falz? = —162°; dos = 1.009. Calculate the percentage of error in the value of [a] 
caused by (a) an error of 0.1° in the angle, (b) an error of 0.1 mm in tube length, and 
(c) an error of 0.01 in density. 


CHAPTER VI 
HEAT, WORK, AND HEAT CAPACITY 


Thermodynamics. The quantitative relations between heat and 
other forms of energy are studied in the science of thermodynamics. 
They are important because all other forms of energy tend to change into 
heat, and the quantitative measure of this tendency is useful in predict- 
ing physical-chemical behavior. 

Thermodynamics has been used in physics for a century, and it has 
found extensive applications in engineering; but its practical application 
in chemistry is a considerably later development. The present chap- 
ter provides an introduction to the simple concepts of heat and work. 
It is followed by a chapter on heat measurements in chemical reactions 
and then by a chapter on the more abstract concepts of thermodynamics. 
Throughout the study of solutions and chemical equilibria, these con- 
cepts will be applied to correlate and explain the observed facts. More 
detailed studies of solutions of electrolytes are given in Chapter XVII. 

Forms of Energy. Energy can be made todo work. A force of 1 dyne 
is that force which gives to a mass of 1 g an acceleration of 1 cm per 
second per second. The unit of energy is the erg, which is the energy 
produced by a force of 1 dyne acting through a distance of 1 em. A 
larger unit, the joule, which is equal to 10” ergs, is a more convenient 
unit. 

Energy may be stored in a given system by virtue of position, as, for 
example, a stone above the earth’s surface, or a spring under compres- 
sion; or by virtue of chemical properties due to the arrangement of atoms 
and electrons within a molecule. Energy may also exist in other forms, 
such as the kinetic energy of a moving ball or molecule. 

This energy may be released, under the proper conditions, to do work: 
to push a piston in an engine cylinder or to send a current of electricity 
through the windings of an electric motor. The energy may be con- 
verted into heat, thus raising the temperature of the system itself or of 
the surroundings. Energy, work, and heat are all expressed in the same 
units: calories, joules, or ergs. 

Although symbols are employed to represent the total energy stored 
in a system, it should be borne in mind that usually it is not necessary to 


know this energy in absolute terms. 
99 
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Generally, we are concerned only with the change in energy which 
takes place during the operation which we are studying. For example, 
in the burning of coal we are interested in the energy released by changing 
the carbon and oxygen into carbon dioxide, and we are not often con- 
cerned with the energy that may still reside in carbon dioxide by virtue 
of its temperature above absolute zero, or by virtue of the arrangement 
of the atoms and electrons within the molecule, or by the stability of the 
nuclei of the atoms. Again, we calculate that the energy required to lift 
a kilogram weight through 10 centimeters against the force of gravity * is 


1000 g X 980.7 cm/sec? X 10 cm = 9.807 million ergs 


and that after the lifting operation, the weight possesses 9.807 million 
ergs of energy more than it had before. We are not concerned with the 
energy which the weight possesses by virtue of its distance from the 
center of the earth. 

When the weight just referred to falls back to its original level, the 
potential energy of position is converted into kinetic energy of motion, 
and, when it is stopped by collision with the ground, this kinetic energy 
is converted into heat energy. 

Energy may be expressed as the product of two factors—an intensity 
factor and a capacity factor. Examples are given in Table I. 


TABLE I 


INTENSITY AND Capacity Factors or ENERGY INVOLVED IN VARIOUS PROCESSES 


Energy Intensity Capacity 
Mechanical (ergs) Force (dynes) Change in distance (em) 
Surface (ergs) Surface tension (dynes per | Change in area (sq cm) 

cm) 
Volume expansion (ergs) | Pressure (dynes per sq cm) | Change in volume (em?) 
Heat (calories) Difference in temperature | Heat capacity (calories per 
Bis (degrees) degree) 
Electric (joules) Difference in potential Coulombs (amperes X 
(volts) seconds) 


It is evident that the different energies may be compared but that no 
relation exists between the intensity factors alone or between the ca- 
pacity factors alone. For example, electric energy may be converted 

* The force of gravity varies somewhat with latitude and distance above sea level 


and composition and density of the earth’s crust but the value 980.7 dynes is used for 
the calculations of this book. 
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quantitatively into heat energy, but the rise in temperature cannot be 
calculated from the voltage unless the number of coulombs and the heat 
capacity of the system are known. It is clear also that the same quantity 
of work may be accomplished by a small quantity of water passing 
through a turbine from a great height as from a large quantity of water 
falling through a short distance. 

The First Law of Thermodynamics. According to the first law of 
thermodynamics, the sum of all the energies in an isolated system is con- 
stant. In other words, energy may be transformed from one form into 
another, but it cannot be created or destroyed. This law was formu- 
lated in 1842 by Mayer following the experiments of Joule and Helm- 
holtz on the transformation of heat into work. Many exact experiments 
have since shown that mechanical or electrical work can be transformed 
completely into heat. In some of these experiments a measured amount 
of work was used in stirring a liquid while the rise in temperature was 
measured, and in others a known quantity of electricity was passed 
through a heating coil of known resistance immersed in a liquid contain- 
ing a thermometer. 

Heat is expressed in ergs or joules or, more commonly, in calories. 
The 15° calorie (that is, the heat required to raise one gram of water from 
14.5° to 15.5°) is equivalent to 4.1855 absolute joules. For several 
years American physical chemists have defined the “‘calorie” arbitrarily 
as equal to 4.1833 international joules, a value which is now accepted as 
4.1840 absolute joules.* This definition of the calorie is used through- 
out this book. A table of physical-chemical constants and their best 
values is given on page 699. 

Our confidence in the first law of thermodynamics rests largely on the 
fact that no exceptions to it have yet been found. At first sight one 
might think that the energy expended in lifting a piece of iron is de- 
stroyed if the iron is dissolved in sulfuric acid, but the iron in the re- 
sulting ferrous sulfate is at a higher level and possesses potential energy 
equal to the energy expended in the lifting. If energy is expended in 
coiling a steel spring and the spring is dissolved in acid, the energy ap- 
pears to be lost; but more heat is evolved by a coiled spring than by an 
uncoiled spring. The energy is immediately distributed throughout all 
the molecules of the solution. The difference is so small, however, that 
it has not been detected by present calorimetric methods. 

Even the new developments in nuclear reactions do not contradict 


* The United States Bureau of Standards, effective Jan. 1, 1948, has adopted the 
value 1 international joule = 1.000165 absolute joules, in agreement with many coun- 
tries of the world as recommended by the International Committee on Weights and 
Measures. Circ. Natl. Bur. Standards C 459. 
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the first law; for, according to the theory of relativity, energy possesses 
mass, and the large evolution of energy produced by reactions between 
atomic nuclei in transmutation experiments (page 655) is offset by the 
actual decrease in mass. Einstein showed that 


1g=9 X 10” ergs (1) 


The proportionality factor 9 X 107° is the square of the velocity of light 
expressed in centimeters per second. It is evident that the law of the 
conservation of energy and the law of the conservation of mass are es- 
sentially the same and that no violation of thermodynamics occurs when 
matter is converted into energy, or energy into matter. However, nu- 
clear transformations and changes in total mass are not involved in 
ordinary chemical and physical phenomena, and their discussion is re- 
served for Chapter X XI. Equation 1 is of no importance in most physi- 
cal-chemical phenomena. 

A change in the energy of a system will be brought about if the system 
gives or receives work, or if it absorbs or evolves heat. The work is 
designated by w. A positive sign indicates that the work is done by the 
system on its surroundings and a negative sign shows that the system 
is having work done on it, as, for example, when a gas is compressed by 
the applications of external pressure. The heat exchange is designated 
by q; +¢q for heat absorbed by the system and —q for heat evolved. 

In chemical thermodynamics we are not ordinarily interested in the 
energy which a system has by virtue of its distance from the center, of 
the earth or by virtue of any movement of the system through space. 
We are interested in the internal energy E, of which chemical energy is an 
important manifestation. It includes many complicated factors such as 
molecular, atomic, and electronic motions. 

The symbol A always indicates a change, and in physical chemistry it 
refers to the difference between the values of a property in the initial and 
the final states. For example, if ZH, represents the internal energy in the 
initial state and H, the internal energy in the final state, in the reaction, 


state; — state, 
Then 
AK = Ey -= Ey 


The initial state 1 is taken as the state which happens to be written 
down at the left of a chemical equation, and the final state 2 is designated 
as the state written at the right. This convention applies to any chemical 
or physical change. 

Since energy can be neither created nor destroyed, it follows that the 
internal energy of the final state must be equal to the internal energy of 


REVERSIBLE PROCESSES 103 


the initial state plus the energy added in the form of heat or any kind of 
work. Then, 
Ea =H, +(q— w) 
or 


This equation may be regarded as a mathematical formulation of the 
first law of thermodynamics. 

It is important to realize that H, and Ez are thermodynamic quanti- 
ties, which are characteristic of the system as fixed. AE is the same, 
irrespective of the path followed in going from state 1 to state 2. The 
quantities g and w, however, can vary greatly with the experimental 
conditions. 

If there is no change of internal energy, as in the isothermal expansion 
of an ideal gas, the work done must be exactly equal to the heat ab- 
sorbed. Again, if there is a chemical reaction and the internal energy of 
the system decreases, that is, #2 is less than E,, the released energy may 
appear as heat evolved and work done. Nothing is stated regarding the 
relative amounts of heat and work, but the two taken together (¢ — w) 
must be equal to the change in internal energy. Under special conditions 
it is possible to have either q or w or both equal to zero. 

For infinitesimal changes, equation 2 is written 


dE = dq — dw (3) 


but there is an important reservation which must be made regarding the 
use of dg and dw. Changes in internal energy H, like changes in pressure 
or volume, depend only on the initial and final state and are independent 
of the intermediate stages. Mathematically they may be classed as per- 


fect differentials, and 
Ee 


dH = E, — KE, = AE 
Ei 
On the other hand, ¢ and w do not represent differences between initial 
and final states. They refer to processes rather than states, and their 
values depend on the manner in which the change is carried out. The 
terms dq and dw are not perfect differentials, and their integrals should 
not be written as the differences between initial and final values (for 
example, as gg — qi), but simply as q or w. 

Reversible Processes. Vaporization of a Liquid. When a gas in- 
creases in volume, it pushes back the surrounding atmosphere and does 
work. Imagine that a liquid is placed in a cylinder provided with a 
weightless frictionless piston and that it is set into a large reservoir at 
the boiling point of the liquid. The fact that no machine can be built 
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with a weightless frictionless piston in no way affects the conclusions 
drawn from this idealized process. The vapor pressure of the liquid at 
this temperature is exactly equal to the atmospheric pressure, and the 
whole system is in a state of equilibrium. If now the temperature of the 
reservoir is raised by an infinitesimal amount, the vapor pressure of the 
liquid will be slightly greater, and the piston will be pushed back against 
the atmospheric pressure. As more liquid evaporates, the volume in- 
creases, and the pressure in the cylinder is thus maintained constant; 
heat flows in from the reservoir to maintain the temperature constant 
and offset the cooling caused by vaporization. 

The work done is the product of the resisting pressure and the increase 
in volume. The increase in volume is the distance through which the 
piston is driven out multiplied by the cross-sectional area of the piston. 
If the liquid in the cylinder is water, the temperature will be 100°, and, 
when 1 mole has been evaporated, the increase in volume can be cal- 
culated on the assumption that the vapor behaves as an ideal gas and 
that the volume of the liquid (0.018 liter) is negligible: 


w= pAV =1 X (22.41 X 373.1/273.1) = 30.6 liter-atm 


Since it is assumed that the ideal-gas laws are obeyed, RT’ may be sub- 
stituted for p AV. Then, 


w = RT = 0.08205 X 373.1 = 30.6 liter-atm 
or 
w = RT = 1.987 X 373.1 = 741.3 cal 


The work done in this process depends only on the temperature and 
is independent of the cross section of the piston or the pressure or volume. 
In very exact work it is not legitimate to consider a vapor at its boiling 
point as a perfect gas, and then the volume change must be measured 
experimentally or calculated with more exact equations of state. 

The energy consumed in doing this external pressure-volume work 
comes from heat absorbed from the reservoir by the evaporating liquid. 
A great deal more energy is absorbed, however, in separating the mole- 
cules from their neighboring molecules in the liquid. To vaporize a 
gram of water at 373.1° K and atmospheric pressure, 539 cal is required. 
This corresponds to 18.02 X 539 or 97138 cal per mole. Then, under 
these conditions of constant pressure the total heat absorbed is equal to 
the sum of the two quantities as given by equation 4. 


q = AE+w = AE+pAv (4) 


Since q = 9713 and p AV = 741, the change in internal energy AE 
must be 8972 cal. 


on 
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This process of absorbing heat and doing external work is reversible 
in the example just given, because at any time the vaporization can be 
stopped by decreasing the temperature by an infinitesimal amount or by 
increasing the pressure slightly, thus making internal and external pres- 
sures exactly equal. Increasing the pressure still further by an infini- 
tesimal amount causes the vapor to condense and give back the heat of 
vaporization to the reservoir. A reversible process, then, is defined as one ° 
which may be reversed at will by making infinitesimal changes. . 

After a mole of water has been evaporated by decreasing the 1€ pressure, 
it can be condensed again by i increasing- the pressure, and thus the whol 
system may be restored to its original condition. Such. a a Process, <ahich, 
involves a series ies of changes and restores the ‘system to to its original con- 
dition, is called a “cycle. A reversible cycle i is one which is carried out by 
applying infinitesimal changes under conditions such that the system is 
at all times practically in a state of equilibrium. 

Maximum Work by Isothermal Expansion. The maximum work 
which can be done by the zsothermal expansion of a perfect gas is an im- 
portant quantity in theoretical chemistry. Imagine a gas enclosed ina 
cylinder fitted with a frictionless and weightless piston and placed in a 
thermestat ‘at the temperature 7’. The external pressure on the piston 
is decreaséd by a small amount, Ap, and the gas expands by an. amount 
Av.- In-this expansion the pressure of the gas in the cylinder decreases 
until it becomes equal to the external pressure, and then the piston 
ceases to rise. This process differs from the one described previously on 
page 103 where the gas was in contact with liquid at its boiling point so 
that the pressure in the cylinder was maintained constant. A second de- 
crease in pressure produces a second expansion Av, and, as the pressure 
is decreased in successive amounts, the volume undergoes a series of ex- 
pansions. In each little expansion the work done is the external pres- 
sure multiplied by Av, and the total work done in expanding from the 
intial volume v, to the final volume v2 is equal to the sum of the work 
done in each expansion. 

The maximum work is obtained when the Av’s are made infinitesimally 
small, and under these conditions the exact value is readily obtained by 


integral calculus,* thus: , 
Wmax. = i Pp dv (5) 
V1 


Only if the work done is maximum work, can sufficient energy be 
stored to reverse the process, compressing the gas and restoring the 
*The significance of this equation may be found in Daniels, ‘‘Mathematical 


Preparation for Physical Chemistry,’’ McGraw-Hill Book Co., New York, 1928, 
pages 162-164. 
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original conditions. Under the conditions of maximum work the in- . 
ternal pressure can be substituted for the external or resisting pressure, 
because the two can never differ by more than an infinitesimal amount 
dp, and the system is then always practically in a.state of equilibrium; 
that is, it is a reversible process. 

If 1 mole of a perfect gas is taken, pV = RT, orp = RT/V, and 


RT 
ma = [ — aV 
V 


Vi 


Since R and T are constants, integration gives 


me V2 Ve 
Wmaz = RT| dV = RT in — = RP2303 log — 2 6) 
M1 1 Vi 


The maximum work done by a gas in expansion is equal to the min- 
imum work required to compress the gas, and the calculation is made by 
simply interchanging the limits of integration and using the smaller 
volume for the upper limit. In integrations, the upper limit always re- 
fers to the final state and the lower limit refers to the initial state. The 
signs then take care of themselves. The negative value obtained for w 
in compression means that work is done on the gas. 


Example 1. What is the maximum work which can be obtained by the 
isothermal expansion of 1 mole of an ideal gas at 0° from 2.24 liters to 22.4 liters? 


. 
Wmax, = 2.303RT log = 2.303 X 1.987 X 273.1 X log 10 = 1250 cal 
1 


Then 1250 cal is also the minimum amount of work required to compress the 
gas from 22.4 to 2.24 liters at 0°. 


The maximum work for 1 mole of gas may be calculated in terms of 
pressures instead of volumes since pjV1 = poVe and Vo/Vy = p4/po. 
Then, 


Drax = RT Wn POON ee 
P2 P1 


Absorption of Heat. In many problems the only work done is pres- 
sure-volume work, that is, dw = pdv. In the special case where there 
is no volume change, dv is zero and w is therefore zero. Then for proc- 


*The more general equation for n moles of perfect gas is Wmax. = nRT2.303 
log ve/vy. The capital V is used for 1 mole. 


ye 
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esses in which the volume is kept constant and no electric or other work 
is done, equation 2 can be written 


qv* = AE +0 = AE (7) 


In other words, the heat of a process, measured under conditions of constant 
volume, is equal to the change in internal energy. According to this equa- . 
tion, if no outside work is done, the heat evolved, —q», is equal to the de- 
crease in the internal or chemical energy. 

Constant-pressure processes are generally more common in chemistry 
than the constant-volume processes, because most operations are car- 
ried out in open vessels. It is convenient then to use another quantity 
which involves pressure and volume. 

Enthal'py or heat content ¢ is such a quantity. It is defined by the | 
equation: 

H =E+ pv (8) 


Changes in enthalpy rather than absolute values are important in chem- 


istry and 
AH = AE + A(pv) (9) 


The change in enthalpy can be visualized readily under the special con- 
dition of constant pressure as equal to the increase in internal energy 
plus the pressure-volume work of expansion or compression. 


AH = AE + pAv (at constant pressure) (10) 
Under this condition of constant pressure equation 4 applies and 
Y = AE + p Av 
Substituting the equivalent of AH in equation 10 gives 
@ = AH (11) 


In other words, the heat absorbed in a process at constant pressure 1s equal 
to the increase in enthalpy. \ 


Example 2. One mole of magnesium is dissolved in an excess of hydrochloric 
acid at 25° in (a) an open beaker and (6) a closed bomb. The heat of the 


* A subscript below a quantity indicates that the property indicated by the sub- 
script is kept constant; thus, ¢, shows that the process is restricted to constant volume. 

{+ The term heat content was used by Lewis and Randall and has been adopted 
in previous editions of this book. However, the term enthalpy (accented on the 
second syllable) is widely used by physicists and engineers, and it is gaining in usage 
among physical chemists so that for the sake of uniformity it seems best in this 
edition to call the quantity H + pv enthalpy, rather than heat content. 
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reaction, at constant pressure, gp, is —110,130 cal. What is the heat of reaction 
at constant volume, qv? 


Mg + 2HCI (in water solution) = MgCl: (in water solution) + He 
dp = wt phy =qmt+AnkT 
where An = the increase in the number of moles of gas = +1. Then 
QW = —110,130 — 1 X 1.987 X 298.1 = —110,722 cal 


At constant pressure the evolution of heat is less than the heat of reaction at 
constant volume by the amount of energy required to do the external work, of 
pushing out one mole of hydrogen gas against the atmospheric pressure, namely, 
592 cal. It is to be noted that the final state is not the same in the two reac- 
tions, the hydrogen occupying a larger volume in the first. It is assumed that 
the internal energy of the products is practically independent of pressure, as 
shown in a later section, and that hydrogen behaves as ar ideal gas. 

Example 3. Show that the work done by the liberation of a mole of an ideal 
gas in a reaction at constant pressure and temperature is independent of the 
pressure of the gas and independent of the cross section of the vessel in which 
it is liberated. The work done is given by the relation, 


w= pAV 


If the pressure is reduced to half an atmosphere, the volume will be twice as 
large, and the product 3p X 2AV will be the same. Likewise, if the cross sec- 
tion of the cylinder and piston is doubled, the displacement of the piston for a 
given evolution of gas will be halved, and AV will remain unchanged. 


Heat Capacity. Heat can be absorbed not only by physical and 
chemical changes but also by simply raising the temperature. Heat ca- 
pacity c is defined as the heat absorbed divided by the increase in tem- 
perature, when the increase is small. When the absorption of heat is 
carried out under a condition of constant volume, the heat capacity is 
given by the expression, 

qv BE, = Ey 


Ty Sp ep eae 


(12) 


Cy avg. = 
Vor small temperature differences, 


re (=) (13) 


*The partial differential 9 (appendix, page 696) indicates that E is the only 
variable which changes with the temperature. 


- 
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In a similar manner, the heat capacity at constant pressure is defined 
by the equations: 


CLAN Cemeteries (14) 


The heat capacity at constant volume c, includes only the heat ab- 
sorbed in increasing the internal energy, but the heat capacity at con- 
stant pressure ¢, is larger because it includes in addition the work done 
in expansion against the surroundings. | 

Any two of the three variables, temperature, pressure, and volume, 
suffice to define the condition of a substance if # is a function only of 
T, p, and v. The change in the internal energy of a mole of gas may, 
therefore, be expressed by the fundamental equation of partial differ- 


entiation, 
dE (—) dT + (—) d (16) 
= | — —}dv 
on; Ov/T 


where temperature and volume are the variables chosen. The deriva- 
tive (@H/dT), represents the heat absorbed per degree by the gas at 
constant volume and, therefore, according to equation 13, it may be re- 
placed by cy. Equation 16 now assumes the form: 


and 


aE 
dE = c,dT + (—) dv (17) 
iT 


Ov 
But since dH = dq — du, 
dE 
dq = c,dT + (—) dv + dw 
Ov T 


The work done when the volume of a mole of gas, liquid, or solid in- 
creases by an amount dv at pressure p is p dv. Hence, 


ov 


0H 
dqp = Cy dT + (—) dv + p dv 
T 


This equation means in words that the heat absorbed when a sub- 
stance is heated slightly at constant pressure is equal to the sum of three 
quantities: (1) the temperature increase multiplied by the heat capacity 
at constant volume; (2) the volume increase multiplied by the rate at 
which the internal energy increases with volume, all other factors being 
held constant; (3) the work done in expansion. 
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Internal Energy of Gases. When an ideal gas expands into a vacuum 
in a closed system, there is no absorption or evolution of heat from the 
system as a whole. Since no external work is involved and since in an 
ideal gas there is no attraction between the molecules, there is no change 
in energy when the molecules become further separated. The situation 
may be understood by reference to Fig. 35. 

Vessel A, provided with a thermometer, is filled with an ideal gas at 
pressure p4, and vessel B of equal size is evacuated. When the stop- 


Fig. 35. Experiment on the internal energy of a gas. 


cock is opened, gas rushes from A into B, and the temperature in A falls 
because the molecules are doing work in expanding into B against the 
pressure of the molecules which have previously entered from A. The 
temperature in B rises, as indicated on the thermometer, because the 
entering gas is being compressed. When equilibrium is reached and the 
pressure is the same in both vessels, the decrease in temperature in A is 
found to be exactly equal to the increase in temperature in B, and the 
temperature of the surrounding bath remains unchanged, as indicated 
by the third thermometer. The volume of the system A + B is the same 
at the beginning and the end of the experiment, and so no ezternal work 
is done against the surroundings. 

Since q = 0 and w = 0, it follows, from equation 2, that AZ must be 
zero. In other words, the internal energy of an ideal gas is independent 


of the volume, and an 
Ene: a 
Ov T 


This equation gives an important criterion for an ideal gas. 
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The experiment shown in Fig. 35 was actually carried out in 1807 by 
Gay-Lussac and in a modified form in 1844 by Joule. They used air 
and other gases, but their experiments were not sufficiently sensitive to 
detect the thermal changes which actually do occur in real or nonideal 
gases. 

Joule and Thomson were the first to devise an experiment which was 
able to detect the changes in internal energy which do occur when real 
gases are expanded. They applied pressure to a gas and forced it through 
a thermally insulated tube containing a porous plug of packed cotton and 
found that the temperature of most gases decreased after expansion 
through the porous plug but that the temperature of hydrogen increased. 
Their experiment can be understood by reference to Fig. 36, in which 


A 


Fic. 36. The Joule-Thomson porous plug experiment. 


ca 


two pistons operate in an insulated tube with a nonconducting porous 
plug between them. The piston at the left forces gas through the plug 
A at pressure p;, and the volume decreases by an amount v;, while at 
the same time the gas at the right, at a lower pressure pe increases in 
volume by an amount vg. Both pressures remain constant, and the dif- 
ference between the two represents the pressure necessary to overcome 
the resistance of the gas to flow through the porous plug. Then, the net 
work done by the system as a whole is the work of expansion p2v2, minus 
the work done in compression, or 


W = p2v2 — Pir1 
Since the system is thermally insulated, gq = 0 and AK = —w. Then 
Ey iy = AE — pity — pos 
or 
Eg + pode = Ey + pin 


and, by equation 8, 
A, = Hy 
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It is apparent then that in the expansion carried out in this way through 
a porous plug the enthalpy or heat content remains constant. 

In this experiment, instead of the two pistons with small displace- 
ments, it is customary to pump through large quantities of gas and al- 
low it to escape at atmospheric pressure. In this way a pronounced 
change of temperature, known as the Joule-Thomson effect, occurs 
when the gas passes through the plug. The Joule-Thomson coefficient 
u is the change in temperature produced by the change in pressure of one 
atmosphere under conditions of constant enthalpy as defined by the ex- 


© pression, 
wy) a 
pos be 
Op H 


The decrease in temperature on expansion through a porous plug is not 
due to the performance of external work but to the expansion against 
the attraction which exists between the molecules. For an ideal gas 
there is no attraction between molecules, and u = 0. 

For air at atmospheric pressure and 0°, » has the value +0.4, indicat- 
ing that a decrease in pressure of 1 atm decreases the temperature 0.4°. 
For hydrogen and helium at room temperature, » has negative values, 
or, in other words, these gases become warmer when forced through a 
porous plug. At temperatures below 154° K, however, u becomes pos- 
itive for hydrogen. It is evident that two factors are involved in the 
Joule-Thomson effect—an expansion against the force of attraction be- 
tween the molecules (corresponding to a in van der Waals’ equation), 
and a work term involving the change of pv with pressure. A more exact 
treatment is given in the appendix on page 675. 

The Joule-Thomson coefficient » has been determined accurately over 
a wide range of temperatures and pressures by Roebuck * and his co- 
workers for several gases. It is used not only in calculations for in- 
dustrial processes such as the liquefaction of air but also for many ther- 
modynamic quantities and the constants in equations of state for gases. 
One of the most accurate determinations of the relation of the centigrade 
scale to the absolute temperature scale depends on the experimental 
evaluation of pu. 


+ BORIS UD ee 


Adiabatic Expansion of a Gas. An adiabatic process is one in which / 


there is no loss or gain of heat, that is, one in which the system under in- | 


vestigation is thermally insulated from its environment. When a mole” 


of gas expands adiabatically to a larger volume and a lower pressure, 
the volume is smaller than it would be under isothermal reversible ex- 


* Roebuck, Murrell, and Miller. J. Am. Chem. Soc., 64, 400 (1942); also earlier 
contributions by Roebuck. 
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pansion to the same pressure, because in the adiabatic expansion the 
external work done cools the gas and leads to a shrinkage in volume, as 
shown in Fig. 37. 

One mole of helium at A occupying 22.4 liters under 1 atm, and 0° ex- 
pands isothermally to B where the volume is 44.8 liters at 0.5 atm still 
at 0°. When the mole of helium at A expands adiabatically toward C, at 
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Fig. 37. Isothermal and adiabatic expansion of a gas. 


0.5 atm it occupies 33.6 liters and the temperature falls to —66°. If it 
is allowed to expand still further to 44.8 liters at C, the temperature 
drops to —101°, and the pressure becomes 0.32 atm. The work done by 
the isothermal reversible expansion of the gas, represented by the area 
under AB, is larger than the work done by the adiabatic expansion, 
represented by the area under AC, indicating that the heat absorbed 
from the surroundings in the isothermal expansion supplies energy for 
doing work. The energy for the adiabatic expansion comes only from 
the internal cooling of the gas itself. 

In the adiabatic expansion of a gas the temperature falls, but there is 
no exchange of heat with the surroundings, and dq = 0. Then, by the 
first law, 

dK = dq — dw = —dw = —pdv 
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With reference to equations 17 and 18, dE = C, dT for the adiabatic ex- 
pansion of 1 mole of an ideal gas, and, therefore, 


C,dT = —pdV 
Since for 1 mole of an ideal gas, p = RT'/V, it follows that 


dV 
V 


and 
a dV 
C,— = —R— 
‘i V 


If V, is the volume of the gas at the initial temperature 7, and V2 is 
the volume at the final temperature T2, and if C, is constant, integra- 
tion between limits gives 
C,n— = —RIn— (20) 
Ty 1 
According to this equation, when 1 mole of an ideal gas having a heat 
capacity C, expands reversibly and adiabatically, V2 is greater than 
V,, and, accordingly, Tz must be less than T;. In other words, the gas 
cools. It is evident also that adiabatic compression of the gas produces 
an increase in temperature. In solving problems it is necessary, of 
course, to express C’, and F in the same units. 


Example 4. If a gas is compressed so rapidly that there is no opportunity to 
transfer heat to the container, the operation will be adiabatic. Calculate the 
temperature increase of a mole of helium which is compressed adiabatically 
from 44.8 liters at 0° to 22.4 liters. The molar heat capacity C, of helium is 
constant and equal to 3.00 cal per degree. 


T» Ve 
(Os In Ti = —R In 7 
T. 22.4 
3.0 308 = —1. : —— 
0 X 2.303 log 5731 1.987 X 2.303 X log is 
1.987 1 
ol = — 
log T. 3.00 (toe 5) + log 273.1 
T, = 432.4 


AT = 432.4 — 273.1 = 159.3° 


Heat Capacity of Gases. When a monatomic gas, such as helium or 
mercury vapor, is heated at constant volume, the heat energy supplied 
is used only to augment the translational kinetic energy of the molecules. 
Since there is no change in volume, there can be no work done against 
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the atmosphere, and, since there is only one atom in the molecule, there 
can be no absorption of vibrational or rotational energy within the 
molecule. 

According to the fundamental kinetic equation given on page 27, 


pv = % kinetic energy (21) 
or 
Kinetic energy = 3pv 


But, for 1 mole of an ideal gas, 


pV. = RT = 1.987T 
therefore, 


Kinetic energy of 1 mole = 3RT = 3T (approximately) (22) 


If 37, represents the kinetic energy at temperature Tz, and 37, at 
temperature 7',, the difference in kinetic energy is 3(7'2 — T,) cal. If 
now the difference in temperature is made exactly 1°, the difference in 
kinetic energy is 3 cal, and this value is the molar heat capacity at con- 
stant volume C,, defined as the number of calories necessary to raise 1 
mole of the gas through 1°. For gases in which the energy can be ab- 
sorbed only by increasing the translational velocity, 


C, = 3 cal per degree per mole (23) 


It has been found that monatomic gases have a molar heat capacity 
C, of 3 cal per degree in perfect agreement with this formula. 

When a gas is heated at constant pressure, the gas expands and does 
work against the atmosphere. Heat must be introduced into the gas to 
do this work as well as to raise the temperature. This work is equal to 
p AV. If Vz is the volume at T>, and V, is the volume at T;, and T, — 

_T, = 1°, then for an ideal gas, in which the internal energy is indepen- 
dent of the volume, 


Cp — C, = pAV = p(V2 — V1) = R(T2 — Ti) = R 
= 2 cal mole! degree (24) 


Since C’, = 3 for monatomic gases, and C, = C, + 2, it follows that 
C, = 5, and the ratio y of the two heat capacities is 
C7, 25 


= — = — = 1,66 25 
oY pes (25) 


Again, this relation is in excellent agreement with the experimental 
data for monatomic gases. 
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For polyatomic molecules the heat energy supplied is used not only 
in increasing the kinetic energy of translation in the three directions 
but also in increasing the energy of rotation and of vibration of the 
atoms within the molecule. If the extra energy absorbed is represented 
by g, then the ratio of the two specific heats will be 


= — < 1.66 (26) 
Cy 3 Fg 
The ratio becomes less than 1.66 in this case, and, with increasing com- 
plexity of the molecule, the value of g increases and the ratio y becomes 
continuously smaller, but it cannot become less than 1. 
In Table II the heat capacities of a few gases are given, and it will be 


ri 
| 
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TABLE II 
Mouar Heat Capacities OF GASES 


(In cal per mole at 25° and at 1 atm) 


Gas Cp Cy C,/C, = ¥ 
Argon, A 4.97 2.98 1.67 
Helium, He 4.97 2.98 1.67 
Mercury, Hg 4.97 2.98 1.67 
Hydrogen, He 6.90 4.91 1.41 
Oxygen, O2 7.05 5.05 1.40 
Nitrogen, No 6.94 4.95 1.40 
Chlorine, Cle 8.25 6.14 1.34 
Nitric oxide, NO ell seal) 1.39 
Carbon monoxide, CO 6.97 4.97 1.40 
Hydrogen chloride, HCl 7.05 5.01 1.41 
Carbon dioxide, COz 8.96 6.92 1.29 
Nitrous oxide, N2O 9.33 7.29 1.28 
Sulfur dioxide, SO2 9.4 Uk 1.29 
Ammonia, NH3 8.63 6.57 1.31 
Methane, CH, 8.60 6.59 1.31 
Ethane, CoH. ZO 71 10.65 1.19 
Dimethyl ether, C2HsO 15.89 W339 74s 1.16 


seen that, for monatomic gases, C, = 3 and y = 1.66; that, for all gases, 
C, is greater than C’, by about 2 cal per degree; that C, increases and 
decreases as the molecules increase in molecular weight and involve more 
atoms with additional opportunities for different types of vibration 
within the molecule. 
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There is nothing in equation 23 to indicate that the heat capacity of a 
monatomic gas is affected by temperature, but, in equation 26 for poly- 
atomic gases, it can be seen that, if g changes with temperature, both 
the heat capacities and their ratios may be influenced by a temperature 
change. In agreement with these theoretical deductions, the molar heat 
capacity C, of monatomic gases is found to be 5 cal degree~* mole! at 
all temperatures, but the heat capacity of polyatomic gases increases 
with increasing temperature, as shown in Fig. 38. In general, the more 
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Fig. 38. Influence of temperature on heat capacity of gases. 


complex the molecule is, the greater is its molar heat capacity, the greater 
is the temperature effect, and the steeper is the slope of the line when 
plotted as in Fig. 38. The molar heat capacity Cp of helium would be 
indicated by a horizontal line at 5.0. 

The deductions concerning the relation between increasing molar heat 
capacity and molecular complexity are supported not only by the few 
examples given in Table II but also by an examination of many gases. 
One of the most striking experimental supports of these deductions is 
found in the heat capacity of hydrogen. At temperatures below 60° K 
the diatornic gas Hy behaves as a monatomic gas and y is found to have 
a value of 1.66, showing that the extra internal energy not only de- 
creases with decreasing temperatures but actually disappears. 
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A table of constants for calculating the heat capacities of the common 
gases at different temperatures is given on page 135. 
Attempts have been made to express the ‘‘complexity of the molecule” 
in more quantitative terms. A diatomic molecule with the atoms joined 
in a fixed position can absorb rotational energy by turning over on its , 
axis, and it can absorb vibrational energy by oscillation of the atoms 
within the molecule. In complex molecules there can be rotations and 
different types of oscillation between different pairs or groups of 
atoms. These different ways of absorbing energy correspond to degrees 

of freedom. 

Theoretically it is possible to calculate a maximum value for the con- 
tribution of a degree of freedom to the molar heat capacity. Thus, it 
was shown in equation 22 that the translational energy in the three di- 
rections of space for a mole of gas is 3R7’, and, therefore, the energy in 
one direction is RT. This one direction is actually one degree of free- 
dom. As a first approximation, it may be estimated that each trans- 
lational and each rotational degree of freedom contributes $RT to the 
internal energy or $F to the heat capacity, but the vibrational degrees 
of freedom each contribute somewhere between 0 and RT to the internal 
energy or between 0 and RF to the heat capacity. 

As already mentioned, all polyatomic gases decrease in heat capacity 
at lower temperatures, that of hydrogen actually falling to the value of 
a monatomic gas, but there is no satisfactory explanation on the basis 
of ordinary mechanics. This tendency for some of the degrees of freedom 
to “freeze up” at low temperatures and the quantitative way in which 
it affects the heat capacity depend on rules which have been partly 
worked out with the help of the quantum theory and which are dis- 
cussed briefly on page 569. 

Heat Capacity of Solids. Studies of the specific heats of solids at 
extremely low temperatures have resulted in the formation of several 
interesting relationships between heat capacity and temperature. 
Kinstein, Debye, and Nernst and Lindemann have pioneered in this 
field.* 

The degrees of freedom of internal vibration tend to freeze up at low 
temperatures not only for gases but for liquids and solids as well. The 
amplitude of the internal vibrations of atoms and groups within a crystal 
becomes very small as the absolute zero is approached. Under these con- 
ditions, the crystal may vibrate as a single unit and behave as a single 
large unit. 

The equation of Debye for the molar heat capacity of crystals in the 
neighborhood of the absolute zero is based on this assumption that the 


* Einstein, Ann. Physik, [4] 22, 180 (1907); Debye, ibid., [4] 39, 789 (1912). 
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crystal is a perfectly elastic body vibrating as a single unit. It is 
73 
C, = 465 a cal per mole 


where 465 cal per mole is a constant and @ is a constant, having the di- 
mensions of temperature, which is characteristic for a particular crystal 
or class of crystals. For example, the value of 6 for carbon is 1860, and 
for copper it is 315. The larger the value of 6, the greater is the tem- 
perature range above absolute zero in which the Debye formula gives 
satisfactory results. Usually the equation is not useful above 50° to 
75° K, but it is below this that experimental measurements are diffi- 
cult and this equation is useful. The heat capacity of most crystals ap- 
proaches zero at absolute zero in agreement with the formula. 

Debye’s equation does not apply at higher temperatures since the 
solid is no longer vibrating as a single unit. The lighter the atoms and 
the greater the crystalline forces within the solid, the higher is the tem- 
perature required for the individual atoms to acquire appreciable in- 
dependent kinetic energy. 

At room temperatures most of the solid elements, except those of low 
atomic weight, have reached a temperature at which all the different 
ways of absorbing heat are utilized, and they have the limiting value of 
atomic heat capacity, as shown in Fig. 39. In 1819 Dulong and Petit 
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Fia. 39. Molar heat capacity of solid elements as a function of temperature. 


discovered the important fact that the product of the specific heat c, and the 
atomic weight of the solid elements is a constant, approximately 6.4. This 
law of Dulong and Petit played an important part in the determination 
of atomic weights, for it served to show from a simple specific-heat 
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measurement what multiple of the combining weight should be taken 
for the atomic weight in order to obtain the constant 6.4. 

Lewis has shown that the specific heat at constant volume is a more 
significant quantity than the specific heat at constant pressure. In the 
latter case, there are secondary effects depending on the thermal ex- 
pansion and compressibility which tend to mask the more fundamental 
relation. Lewis and Gibson * found that the atomic heat capacity at 
constant volume and room temperature is 5.9 within 0.09 for all the 
elements heavier than potassium for which data were available. 

It may be noted that this value of 5.9 for the atomic heat capacity of 
a crystal is nearly three times the gas constant. Moreover, it may be 
remembered that the heat capacity of a monatomic gas at constant 
volume is 32. There is a theoretical reason why the atomic heat capac- 
ity of a crystal should be twice that of a monatomic gas. In a mon- 
atomic gas, heat is absorbed only in giving the molecule increased kinetic 
energy, but, in a crystal, the units of the lattice have definite positions, 
and, when they are displaced, they acquire potential energy which is 
equal to the kinetic energy required to displace them. Twice as much 
heat energy then is necessary to raise the temperature 1°. 

The influence of temperature on the heat capacity of crystals is shown 
in Fig. 39 for three different elements. Near the absolute zero of tem- 
perature, all the crystals increase in heat capacity slowly, in agreement 
with the Debye theory, and, then, at higher temperatures, the heat ca- 
pacity increases rapidly with the temperature as new vibrations are 
brought into action and new degrees of freedom are released. Finally, 
at sufficiently high temperatures, the limiting Dulong and Petit value 
of 5.9 is reached. It occurs at low temperatures for those elements like 
lead which are soft and malleable and have large atomic weights and low 
melting points. These properties indicate that the atoms are held to- 
gether rather loosely in the crystal and can vibrate internally in all 
possible directions with an expenditure of energy which is available at 
temperatures well below room temperature. Carbon, however, has 
strong crystal forces as evidenced by the fact that it has a very high 
melting point. Moreover, it has a low atomic weight. These properties 
lead to atomic vibrations of such high energy that it is necessary to heat 
carbon to a very high temperature before there is enough energy to bring 
all the vibrations into play. Accordingly, the full atomic heat capacity 
of 5.9 cal at constant volume is not reached even at moderately high 
temperatures. 

These differences in behavior are now interpreted in terms of the 


* Lewis and Gibson, J. Am. Chem. Soc., 39, 2554 (1917). 
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quantum theory (Chapter XIX) and for simple molecules can be cal- 
culated quantitatively from spectrographic data. 

At very high temperatures the thermal agitation of the atoms may 
become so great as to impart some energy to the electrons, and, ac- 
cordingly, under these conditions some metals like iron, which hold their 
electrons rather loosely and which remain solid at high temperatures, 
possess atomic heat capacities greater than 5.9 cal per degree. 

The molar heat capacities of crystalline compounds can be estimated 
approximately by adding up the molar heat capacities of the elements. 
For example, the molar heat capacity of lead sulfide PbS is 12.3 at room 
temperature, and the sum of the gram-atomic heat capacities of lead and 
sulfur is 6.3 + 5.5 or 11.8. 
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PROBLEMS 


1. A 900-g weight falls 120 m. (a) How many ergs of heat are liberated when 
it strikes the ground? (b) How many joules? (c) How many calories? (d) How 
many liter-atmospheres? 

Ans. (a) 1.059 X 10! ergs. (6) 1059 joules. (c) 253.1 cal. 
(d) 10.45 liter-atm. 

2. Calculate the work done when a mole of sulfur dioxide gas expands isothermally 

and reversibly at 27° from 10 atm to 1 atm: 

(a) Assuming that the gas is an ideal gas. 

(b) Would an attractive force between molecules of the gas tend to make the 
work done larger or smaller? Ans. (a) 1370 cal. 

3. How many calories of heat is required to raise the temperature of 10 g of argon 
(a monatomic gas) through 10° (a) at constant volume? (b) at constant pressure? 

Ans. (a) 7.5 cal. (6) 12.5 cal. 

4. Lead chloride is found by chemical analysis to contain 74.5 per cent lead and 
25.5 per cent chlorine. The atomic weight of chlorine is 35.45. The specific heat 
of lead is approximately 0.030. Using this information, decide between the possible 
formulas such as PbeCl, PbCi, PbCle, PbCl;, etc., and calculate the atomic weight 
of lead. Ans. PbCle; 207.2. 

5. (a) When a gas is heated at constant volume all the heat is used in increasing 
the internal energy E of the gas, and, when the gas is an ideal monatomic gas, the 
only change is an increase in the kinetic energy of the molecules, the formula for 
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which is known. Prove by differential calculus that for an ideal monatomic gas — 


Cy = 3 cal mole deg. 
(b) At constant pressure the heating of a gas produces work in addition to is 
increase in internal energy. Show by differential calculus that for an ideal monatomic 


gas Cp = Ch + fh. 


6. Prove for the case of a piston moving in a cylinder that the work done equals , 


the pressure times the cross-sectional area times the distance, using the fundamental 
relation that work equals force times distance. 


7. A 150-lb man walks up a flight of stairs 60 ft high. How much work does he 
do in (a) ergs and (6) calories? 

8. One hundred grams of liquid benzene is vaporized at its boiling point 80.2° 
at 760 mm. The heat of vaporization at constant pressure is 94.4 cal per gram. 
Calculate (a) w; (b) g; (c) AH; @ AE. (e) Is w the maximum work that can be 
performed? 

9. Show that for an isothermal expansion of an ideal gas AH = 0. 

10. One hundred grams of benzene vapor (free from liquid benzene) at 80.2° and 
760 mm is expanded isothermally by reducing the pressure to 100 mm. Assume 
that benzene vapor acts as an ideal gas. 

(a) What is the maximum work that can be obtained by this expansion? 

(b) What is the maximum work that can be obtained by expanding 100 g of benzene 
isothermally at 100° from 760 mm to 100 mm? 

11. Ten liters of mercury vapor which is monatomic, expands adiabatically at 
600° from 3 atm until the pressure is 1 atm. What will be the temperature of the 
mercury vapor after the adiabatic expansion? 

12. Estimate the maximum rise in temperature of a 500-kg iron weight when it 
hits a hard iron surface after falling through 500 m (neglecting air resistance and 
assuming that half the heat goes into the iron weight). The atomic weight of iron 
is 55.85. 

13. The specific heat of zinc is 0.0978, and it has been established that 10.00 g of 
zinc combine with 10.85 g of chlorine to form a stable zine chloride. 


} 
f 
; 
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What is the atomic weight of zinc, and what is the formula for the zinc chloride 


if the valence of chlorine is one and its atomic weight 35.45? 

14. Calculate the molar heat capacity of glycol, (CH2OH)s, at 2° from the data. 
One hundred grams of glycol was weighed into a copper container equipped with an 
electric heater and a sensitive resistance thermometer. The copper container or 
calorimeter was suspended by fine cords inside a metal shield which was in turn 
suspended inside an outer container which could be evacuated. The shield carried 
heaters and thermocouples by means of which its temperature was kept so close to 
that of the calorimeter that the heat leak to the calorimeter was negligible. The 
apparatus was immersed in an ice bath, and, after it had cooled to nearly 0°, it was 
evacuated. With the shield maintained at the temperature of the (lees 
955 absolute joules was required to heat the calorimeter from 0.500° to 3.500°. In 
a similar experiment the heat capacity of the calorimeter was found to be 20.00 cal 
per degree at 2°. 


15. A mole of ammonia gas is condensed at its boiling —33.4° C by the application of 
a pressure infinitesimally greater than 1 atm. To evaporate a gram of ammonia at its 
boiling point requires the absorption of 327 cal. Calculate (a) w; (6) q; (c) AH; (d) AE. 
16. One hundred liters of water vapor at 100° and 5 atm is compressed isothermally 
and reversibly to 1 atm and further until the volume is 10 liters. Neglecting the 
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volume of the water condensed in comparison with the volume of the vapor and 
assuming that the vapor behaves as an ideal gas, calculate the work done and the 
heat evolved. 

17. Ten cubic feet of oxygen under pressure is allowed to expand reversibly under 
adiabatic conditions to a volume of 30 cu ft. Considering oxygen to be an ideal gas 
with the average heat capacity given in the table, calculate the final temperature 
if the initial temperature is 25°. 

18. The specific heat of neon at constant volume is 0.149, and the ratio cp/c, = 

- 1.66. How many atoms are there in a molecule of neon? 

19. One mole of an ideal gas is confined in a cylinder by a piston. The pressure is 7, 
the volume is V, and the cylinder is immersed in a thermostat at temperature 7’. 
The following cycle is carried out: (1) The temperature of the thermostat is raised 
1°, the pressure being kept constant; (2) the pressure is gradually increased until 
the volume is decreased to the original value V, with no change in temperature; and 
(8) the temperature of the thermostat is lowered 1°, the volume being kept con- 
stant. Make a table showing the initial and final pressure, volume, and temperature, 
and q, w, and A#, for each step. Since AF for the cycle is 0, show that Cp, — Cy = R. 

20. Estimate how many more calories of heat will be required to heat 100 g of 
aluminum from 25 to 300° than will be required to heat the same weight of silver 
through the same temperature interval. 


21. For the adiabatic expansion of a perfect gas show that 


pVY = constant 
and that 
TVR/C» = constant 


22. Develop a formula for calculating Cp — C, for a gas which follows van der 
Waals’ equation. 

23. A perfect monatomic gas passes from a large pipe into an evacuated cylinder 
through a valve which is opened slowly enough to keep the pressure in the pipe 
sensibly constant. The gas in the main is at pressure P and temperature T. De- 
velop a formula for calculating the temperature of the gas in the cylinder when its 
pressure reaches the pressure P of the pipe, if the gas loses no heat during the process. 

24. What is the minimum number of calories of work required to compress 1so- 
thermally 1 mole of ammonia at 1 atm and 150° to a volume of 10 liters: (a) assum- 
ing that it follows the ideal-gas laws, (b) assuming that it follows van der Waals’ 
equation with the constants given in Table II on page 16? 


CHAPTER VII 
THERMOCHEMISTRY 


Definitions. Thermochemistry is concerned with the heat which 
accompanies chemical reaction. 
The different units of heat energy are related by definition as follows: 


1 calorie (cal) = 0.001 kilocalorie (kcal) = 4.1840 absolute joules 


Thermochemical data are usually expressed by writing the equation 
for the reaction and giving the value of AH for the reaction. For ex- 


ample, 
C + O2 = COz AH = —94,030 cal 


It will be remembered that AH is the heat of reaction at constant pres- 
sure. In chemical equations it is the change in enthalpy when the re- 
actants, that is, the chemical compounds written at the left of the equa- 
tion, react to give the reaction products written at the right of the equa- 
tion. The absolute values of the enthalpy are unknown and unneces- 
sary. In the oxidation of carbon, heat is evolved, and the enthalpy is 
thereby decreased, so that AH has a negative value. As a matter of 
fact, most ordinary chemical reactions evolve heat. They are exo- 
thermic reactions and have negative values of AH. At temperatures 
much higher than ordinary room temperatures the heat-absorbing or 
endothermic reactions are more common. 

In writing equations, solids, liquids, and gases are designated by (s), 
(1), and (g), respectively, and the preceding equation is written 


C (s) + O2 (g) = COs (g) AH = —94,030 cal 


If the units are not specified, it may be assumed that AH is expressed in 
calories. 

Sometimes the symbols J, s, and g are omitted when there is no chance 
of confusion. 

Another convention used in the thermochemistry of solutions is the 
symbol aq (aqua, water) signifying a large excess of water, so large that 
the addition of more water has no measurable effect on the temperature. 

Calorimetric Measurements. Calorimeters are used for measuring 
the heat changes which accompany chemical reactions. In the most 
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common type, the reaction is allowed to take place in a reaction chamber 
surrounded by a weighed quantity of water in an insulated vessel, and 
the rise in temperature is measured with a sensitive thermometer. The 
product of the rise in temperature and the total heat capacity of the 
water and calorimeter is a measure of the heat evolved. The heat ca- 
pacity of the surrounding water is obtained by weighing the water, and 
the heat capacity of the calorimeter is obtained by measuring a re- 
action of known heat evolution, or by introducing a measured quantity 
of heat with an electric heater. The best reactions to measure are those 
which proceed rapidly, thus minimizing any errors due to cooling; and 
those which run to completion, thus assuring that the heat value ob- 
tained applies to the reaction assumed and that none of the reacting 
materials remain unreacted. 

The water in the calorimeter must be stirred adequately to insure 
uniform temperature throughout, but the heat of stirring must be kept 
to a minimum so that corrections from this source will be small. The 
evaporation of the water must be kept very small also. The heat lost 
from the hotter calorimeter to its surrounding jacket may be calculated 
by plotting the temperature of the calorimeter against time, and extra- 
polating this cooling curve back to the time at which the heat-evolving 
reaction started. The difference between this extrapolated temperature 
and the initial temperature gives a fair estimate of the temperature rise 
which would have been obtained if there had been no loss of heat from the 
calorimeter during the period of observation. 

In adiabatic calorimetry the cooling correction is rendered unneces- 
sary by experimental devices which eliminate or greatly reduce the 
transfer of heat. Vacuum-walled vessels are used to minimize the heat 
losses, or the outer jacket is heated electrically at an experimentally con- 
trolled rate such that the temperature of the jacket is kept always at the 
same temperature as the calorimeter. 

Laws of Thermochemistry. The heat evolved in a given reaction is 
equal to the heat absorbed in the reverse reaction. The quantity of heat 
absorbed in decomposing a chemical compound must be equal to the 
heat evolved in its formation, provided that the materials involved in 
the two reactions are present in the same quantities and are under the 
same physical and chemical conditions. This law was first stated in 
1780 by Lavoisier and Laplace. It is an expression of the more general 
law of the conservation of energy. 

According to another law of thermochemistry, propounded first by 
Hess in 1840, the heat of a chemical reaction at constant pressure vs inde- 
pendent of the number of intermediate steps involved. Since the total value 
of enthalpy AH for the reaction depends only on the initial and final 
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state, it is not affected by the path followed in passing from the initial | 
to the final state. ; 
This law of constant heat summation may be illustrated with the — 
heat of formation of ammonium nitrate in aqueous solution, when pre- 
pared in two different ways. The total amount of heat evolved in the 
formation and solution of ammonium nitrate is the same within ex- 
perimental error whether gaseous ammonia and liquid nitric acid are al- | 
lowed to react and the resulting product is dissolved in water or whether 
the ammonia and nitric acid are dissolved in water and then allowed to 
react. Thus, the following reactions may be added to give the over-all i 
reaction: 


NH,4NO3(s) + ag — NHsNOs(aq) NE 6.31 


or, alternatively, the following two reactions may be added to give the 
same over-all reaction: 


NHs3 (g) + aq — NHs3 (aq) AH = — 8.48 
HNOsz (1) + aq — HNOs (aq) AH = — 7.45 
NH; (aq) + HNO; (ag) — NH,NOs (aq) AH = —12.23 


It is to be noted that in adding up thermochemical equations the 
equations are so chosen that the intermediate compounds formed, such 
as NH4NOs (s), NH3 (aq), and HNOs (aq), occur in equal quantities on 
each side of the equality sign and thus cancel out.. Only the desired re- 
actants and products remain and the heat of the over-all reaction, the 
heat of reaction at constant pressure, is obtained by adding up the AH’s 
for all the steps. The reactions for which the values of AH are known 
are written down directly or in the reverse direction in such a way that 
the extra compounds not involved in the desired reaction will cancel 
out. When the reaction is reversed, the value of AH will be reversed in 
sign. It may be necessary to try out several different equations, choos- 
ing from among the rapid reactions which have been accurately meas- 
ured. When a suitable set of equations is found, all the values of AH are 
added together algebraically. 

This law of constant heat summation is convenient for determining 
the heat of a reaction which cannot be measured by direct experimental 
methods. Thus, it is not practical to measure the heat evolved when 
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carbon burns to carbon monoxide in a limited amount of oxygen be- 
cause the product will be an uncertain mixture of carbon monoxide and 
carbon dioxide. However, it is a simple matter to burn the carbon com- 
pletely to carbon dioxide in an excess of oxygen and to measure the heat. 
of this complete reaction. Thus, 


C (s) + Oc (g) = COs (g) AH = — 94.03 keal 


The heat evolved when carbon monoxide burns to carbon dioxide can 
be readily measured also: 


CO (g) + 402 (g) = COz (g) AH = — 67.64 kcal 


Writing these equations in such a way as to obtain the desired reaction 
C + $0, = CO, adding and canceling 


C (s) + O2 (g) = COs (g) AH = —94.03 keal 
COs Gg) = CO (g) + 402 (g) AH = _ 67.64 kcal 


C (s) + 402 Gg) = CO G) AH = —26.39 kcal 


The indirect calculation of heats of reaction is illustrated with an- 
other example. 


Example 1. What is the heat of reaction when sulfuric acid is formed from 
its elements? 

It is not possible to mix hydrogen and oxygen and sulfur in a calorimeter and 
produce sulfuric acid directly, but reactions which are capable of direct calori- 
metric measurements can be selected in such a way that, when added together, 
they will give the desired over-all reaction. 

Sulfur is burnt in a stream of oxygen in a calorimeter at room temperature. 

Sulfur dioxide is oxidized with oxygen with a platinum catalyst at a high 
temperature, and the corrections are made to give the heat of reaction at room 
temperature. Other necessary reactions are included. Then 


S (s) + Os (g) = SOz (g) AH = —69.3 kcal 
SO» (g) + 402 (g) = SOs (s) AH = —22.3 keal 
SOs (s) + H:0 (1) = H:S01() AH = —30.0 kcal 

Hz (g) + 402 (g) = H20 () AH = —68.4 kcal 


S (s) + 202 (g) + He (g) = H2S0u (/) AH = —190.0 kcal 


Heats of Formation. Although the absolute enthalpy or heat con- 
tent of compounds may be unknown, the heats of formation can be eai- 
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culated by arbitrarily assuming that the enthalpy of the elements in 
their standard states is zero. For example, it follows from the reaction, 


C (s) + Oz (g) = COrz (g) AH = —94.03 kcal 


that the heat of formation of carbon dioxide is —94,030 cal, because 
94,030 cal of heat is evolved when a mole of carbon dioxide gas is pro- 
duced from the elements, and the elements are arbitrarily assigned a 
zero value. The symbol AH; is used for the heat of formation of a com- 
pound at constant pressure; it is the difference in enthalpies or heat con- 
tents of the compound and the elements from which it is formed. The 
enthalpy of the elements will vary, depending on their physical state, 
and it is conventionally agreed that the standard states for which H is 
taken as zero are the naturally occurring states of the elements under 1 
atm pressure and at the temperature of the reaction. In the example 
given, oxygen is a gas at atmospheric pressure, and carbon is a solid. 
Unless the temperature is specified, it is assumed to be 25° C. If two or 
more allotropic forms can exist at the specified temperature, it is neces- 
sary to specify the form. In this book graphite is always taken as the 
standard state for carbon and rhombic sulfur as the standard state for 
sulfur. 

The heats of formation of several inorganic and organic compounds 
are collected for reference in Table I. 

The calculation of heats of reaction is simplified by using the heats of 
formation when they are available. The change in enthalpy of a given 
reaction AH is obtained by subtracting the heats of formation AH; of 
the reactants from those of the products. 


Fe,O3 (s) + 2Al (s) = AlgOxz (s) + 2Fe (s) 
= 196) 0 — 399.0 nO 


where the heats of formation of the compounds are given below each 
compound. Then, 


AH = (—399.0 + 0) — (—198.5 + 0) = —200.5 kcal 


In the same way the heats of formation may be calculated from 
measured heats of reaction, thus: 


CeHe (1) + 7302 (g) = 6CO2 (g) + 3H20 (I) AH = —781.4 kcal 
AH = —781.4 = (AH;)o — (AHs); 
= [6 x (—94.0) + 3 X (—68.3)] — (AH, 
(AH;); = 781.4 — 768.9 = 12.5 keal 
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TABLE I 
Heats or ForMATION Av 25° 

AH; in keal per mole 

Inorganic Compounds 
NasO —99.5 MgCle —153.3 PbSO, —218.5 
Al,O3 —399.0 | PbCle —85.7 | HCl (g) —22.1 
CaO —151.8 | NaBr —86.7 | HBr (g) —8.7 
FeO —64.3 | KBr —94.1 | HI (g) +5.9 
Fe203 —198.5 | AgBr —23.8 | HeO (I) —68.3 
Fe304 — 266.9 PbBre —66.3 H2O0 (g) —57.8 
PbO —52.5 | Nal —69.3 | D.O ()) —70.4 
AgeO —7.0 | KI —78.9 | DeO (g) —59.6 
HgO —21.6 | Agl —14.9 | NHs3 (g) —11.0 
NaeS —89.8 | PbI2 —41.8 | SOs @) —70.9 
Kes —121.5 | NaNOg3 —111.7 | HeSO, (l) —193.8 
PbS —22.3 | KNO3 —118.1 | N2O (g) +19.7 
NaCl —98.3 | AgNOs —29.4 | NO (g) +21.6 
KCl —104.4 | Pb(NOs3)2 —106.9 | HNOs (/) —41.7 
BaCle —205.3 | NaeSO. —330.5 | C (diamond) +0.5 
FeCly —81.9 | KeSO,4 —342.7 | CO (g) —26.4 
FeCl3 —96.4 | BaSO, —349.4 | COd (g) —94.0 

Organic Compounds 
Methane, CH, (g) —17.9 | Cyclohexene, CgH io (l) —14.8 
Ethane, CoHe (g) —20.2 | Benzene, CgHe (I) +12.3 
Propane, C3Hs (9) —24.8 | Thiophene, C4H,S (l) +19.6 
n-Butane, C4H)o (9) —29.7 | Methanol, CH30H (i) —57.0 
iso-Butane, C4H0 (g) —31.4 | Ethanol, C.H;OH (i) —66.3 
n-Pentane, C5Hy2 (g) —34.8 | n-Propanol, C3;H7OH (J) —73.1 
n-Pentane, C5Hj2 (/) —41.1 | n-Butanol, C,H OH (/) —79.5 
n-Hexane, CeHy, (l) —47.6 | Glycerol, C3HgQO3 (l) —158.6 
n-Heptane, C7H4¢ (0) —53.9 | Formic acid, CH2Oz (/) —99.5 
n-Octane, CgHys (1) —60.3 | Acetic acid, CoH4O¢ (1) —116.7 
Cyclohexane, CsH 2 (/) —37.7 | Oxalic acid, C2H20s (s) —196.7 
Ethylene, CoH, (9) +12.6 | Succinic acid, C4H6Ox (s) —224.8 
Propylene, C3H¢ (g) +4.8 | Fumaric acid, C4H40x (s) —194.1 
n-Butene-1, C4H¢ (g) +0.3 | Maleic acid, C4H4Oy (s) —188.6 
n-Pentene-1, C5Hy0 (g) —5.0 | Benzoic acid, C7H¢Oz2 (s) —91.7 
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Inasmuch as AH for the reactants is 12.5 keal and AH; for oxygen or ' 
for any element is zero, the heat of formation AH; of liquid benzene from ° 
carbon (graphite) and hydrogen gas at 1 atm is 12.5. In other words, if 
hydrogen and graphite could combine under these conditions, there 
would be an absorption of 12.5 kcal of heat. 

Reactions at Constant Pressure and Constant Volume. As explained | 
on page 104, when a reaction occurs at constant volume, no work is in- | 
volved, but, if the system is allowed to expand during the reaction, it 
does work against the atmosphere, and a smaller quantity of heat is ) 
evolved. If the system contracts, the heat evolved in a reaction at con- 
stant pressure is greater than that at constant volume by an amount 
equal to the work done on the system by the surroundings. If the prod- 
ucts and the reactants have the same volume, the heats of reaction at 
constant pressure are the same as those at constant volume. 

The general equation relating AH and AE is given here: 


AH = AE + p Av = AE + An RT (1) 


where AH is the heat of reaction at constant pressure, AF is the heat of 
reaction at constant volume, and p Av is the work done by the system. 
Since liquids and solids occupy very small volumes, the term p Av usu- 
ally includes only the volumes of gases. The increase in the number of 
moles of gas is denoted by An, that is, the number of moles of gaseous 
products minus the number of moles of gaseous reactants. This equa- 
tion is exact only when the gases are ideal, but for practical purposes it 
is satisfactory for all gases at atmospheric pressure. 

Heats of reaction are usually given for conditions of constant pressure 
because most reactions are studied at constant pressure. Heats of com- 
bustion of liquids and solids, however, are usually measured at constant 
volume, and equation 1 is useful in converting one into the other. 


Example 2. The heat of combustion of benzene at constant volume is 780.5 
keal. 


CeHe (2) + 7302 (g) > 6COr2 (g) + 3H20 (J) AE = —780.5 kcal 
What is the value of AH, that is, the heat of reaction at constant pressure? 
AH = AE + An RT = —780,500 — 1.5 X 1.987 X 298.1 
— 780,500 — 889 = —781,389 
—7.814 X 10° cal = —781.4 kcal 


The number —781,389 should not be written as a final value, because it im- 
plies that the result is known with an accuracy of one part in 781,389, whereas 
the experimental errors are so great that the value should not be expressed be- 
yond four significant figures. 
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Heat of Combustion. The heat evolved in the complete oxidation of — 
a substance is known as the heat of combustion. The values are given in _ 
terms of heat of combustion per gram, or as heats of combustion per 
mole. Since only rapid complete reactions are suitable for thermochemi- 
cal measurement, heats of combustion have been by far the most com- 
mon data of thermochemistry. A great deal of our present thermochem- 
ical knowledge goes back to the data of Thomsen and Berthelot of the 
last century. Richards and his coworkers made many measurements of 
much greater accuracy. For details of recent measurements and cal- 
culations, the literature * should be consulted. 

It is essential to burn everything to its highest stage of oxidation to 
insure that a definite reaction is being measured which will give re- 
producible results. For this purpose the material is ignited electrically 
in a heavy steel bomb containing oxygen under a pressure of 25 atm. 
All carbon is burnt to carbon dioxide and all hydrogen to water. As 
yet the halogen-containing compounds present difficulties, and the heat 
of combustion of a substance like ethyl chloride is not known with high 
accuracy because the products formed are not always definite. 


Example 8. Calculate the heat change involved when 1 mole of monoclinic 
sulfur is converted into rhombic sulfur at room temperature. Although there 
is a natural transition at room temperature, the change is too slow for accurate 
calorimetric measurements. Accordingly, the two different forms are subjected 
to a reaction, the heat of which can be measured accurately, and the difference 
in heats of reaction is equal to the change. 


S (monoclinic) (s) + O2 (g) = SO (g) AH = —69.38 kcal 
S (rhombic) (s) + O2 (g) = SOs (g) AH = —69.30 kcal 


Subtracting gives 
S (monoclinic)(s) = § (rhombic) AH = —0.08 kcal 


As a general rule, the denser of the two forms requires more energy to pull the 
atoms apart, and the heat of any reaction involving this material is accordingly 
less, if other factors remain the same. The rhombic form is more dense at 25° 
than the monoclinic, and it evolves 80 cal less than does the monoclinic variety. 


The molar heats of combustion are usually very large numbers so that 
a high order of accuracy is necessary for calculating heats of formation. 
These and other thermochemical data derived from them depend on 
differences between heats of combustion. Thus a fairly small percentage 


* Rossini, Bur. Standards J. Research, 12, 735 (1934); Richardson and Parks, J. 
Am. Chem. Soc., 61, 3543 (1939); Huffman and Ellis, J. Am. Chem. Soc., 57, 41 (1935), 
and later papers. 
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error in the heat of combustion may introduce a large error in the dif- 
ference between two different substances. 


Example 4. What per cent error in the calculation of the heat of formation 
of n-butane will be introduced by an error of 0.2 per cent in the heat of com- 
bustion of butane? 


CaHio (g) + 6302 = 4COz (g) + 5H20 (0) AH = —688.0 kcal 
AH; for COg = 4 X (—94.0); 
AH; for H20 = 5 X (—68.3); 
AH; for O2 = 0. 
AH; for n-butane = 688.0 — 376.0 — 341.5 = —29.5 kcal 


An error of 0.2 per cent in 688.0 is 1.38 kcal. An error of 1.38 in the heat of 
formation of butane is an error of 1.38/29.5 or 4.7 per cent. 

If more accurate values for CO2 and HO are used, —94.03 and —68.32 kcal, 
the value calculated for the heat of formation of n-butane is —29.7 kcal per 
mole, as in Table I. 


The heats of combustion of a few substances are listed in Table II. 


TABLE II 
Heats or CoMBusTION AT CONSTANT PRESSURE 


AH in kcal per mole at 25° 


Graphite, C —94.0 | n-Pentene-1, C5Hio (9) —806.8 
Diamond, C —94.5 | Cyclohexene, CgH io (J) —891.0 
Methane, CH, (g) —212.8 | Benzene, CeHe (0) —781.4 
Ethane, CeHe (g) —372.8 | Methanol, CH30H (J) —173.7 
Propane, C3Hs (g) —530.6 | Ethanol, C2H;OH () —326.7 
n-Butane, C4H 0 (9) —688.0 | n-Propanol, C3H7OH (J) —482.2 
iso-Butane, C4H 40 (g) —686.3 | n-Butanol, CyH OH (/) —638.2 
n-Pentane, C5H)2 (g) —845.3 | Glycerol, C3H3O3 (0) —396.8 
n-Hexane, CgH 4 (0) —994.8 | Formic acid, CH2O¢ (J) —62.8 
n-Heptane, C7Hyj¢ (J) —1150.8 | Acetic acid, C2H4O¢ (0) — 208.0 
n-Octane, CgHjs (J) —13806.8 | Oxalic acid, CoH2Ox (s) —59.7 
Cyclohexane, CgHye (I) —936.4 | Succinic acid, C4H¢Oq (s) —356.2 
Ethylene, CoH, (g) —337.3 | Fumaric acid, C4H4Ox (s) —318.7 
Propylene, C3H¢ (q) —491.8 | Maleic acid, C4H40s (s) —324.1 
n-Butene-1, C4Hs (g) —649.7 | Benzoic acid, C7H¢6Oz (s) —771.5 


Heats of combustion are useful in calculating other thermochemical 
data. Also they have practical as well as theoretical importance. The 
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heating value of fuel is an important matter. The purchaser of coal 
should be interested in its heat of combustion as well as in its weight. 
The dietician must know among other factors the calories obtainable 
from various foods. 

Thermochemical Constants. Thermochemical data are necessary for 
many calculations of theoretical significance in the predictions of chem- 
ical equilibria and reaction rates. It will be shown on page 286, for ex- 
ample, that when specific heat curves of reactants and products are 
known down to absolute zero, then, a knowledge of the heat of reaction 
permits a simple and accurate calculation of the equilibrium constant 
of a chemical reaction. In many of these calculations the heats of re- 
action constitute the least satisfactory part of our available data. 

In looking up thermochemical data one turns first to Bichowsky and 
Rossini’s * critical compilation of heats of formation of inorganic com- 
pounds and the simpler organic compounds (less than four carbon 
atoms). If the material is not there, it may be in “International Critical 
Tables,” Vol. V, page 169, or possibly in the recent literature.f Very 
accurate work on heats of combustion has been done by Rossini, by 
Parks, and by Huffman. Heats of hydrogenation and bromination of 
unsaturated organic compounds have been determined accurately by 
Kistiakowsky § and his coworkers. 

An excellent scheme for estimating heats of formation and heat ca- 
pacities has been developed by Andersen, Beyer, and Watson.|| Each 
compound is regarded as a fundamental group which is modified by 
replacing its atoms with new groups. For example, a paraffin hydro- 
carbon is derived from methane by successive substitutions of CH3 
groups for hydrogen atoms. Definite values of A(AH;) are assigned to 
various group replacements such as OH, CegHs, NH, Cl, and to the 
replacement of single bonds by multiple bonds. 

If experimental data cannot be found directly or indirectly by com- 
bining several equations, one is forced to make guesses based on the 
heats of reaction of similar compounds for which data are available. 

As a last resort one can estimate heats of reaction from data of Table 
III by adding a definite number of calories for each bond broken in the 


* Bichowsky and Rossini, ‘“The Thermochemistry of the Chemical Substances,”’ 
Reinhold Publishing Corp., New York, 1936. 

+ “International Critical Tables,” McGraw-Hill Book Co., New York, 1929. 

t Rossini and associates, Circ. Natl. Bur. Standards C 461, Washington, D. C., 
1947. 

§ Kistiakowsky, Ruhoff, Smith, and Vaughan, J. Am. Chem. Soc., 58, 146 (1936), 
and other articles. 

|| Hougen and Watson, ‘‘Chemical Process Principles II,” John Wiley & Sons, 
New York, 1947, page 758. 
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TABLE III 


Heats or Dissociation OF Bonps 


AH Dissocia- AH Dissocia- 
es ion “eval Bond torts Heal 
C—C 59 H—H 103 
(e==@! 100 Br—Br 46 
C= 3 N—H 118 
C—H 87 —=N—_N= 20 
C—Cl 67 H—Cl 103 
C—Br 54 H—I 71 
C—I 45 C—O 70 
O—H 110 C=0 150 


reactants and subtracting a definite number for each bond formed in the 
products. 
To illustrate the use of this table, the reaction, 


CoH, + He = CoH 


may be considered; one H—H bond and one C=C bond are broken, 
absorbing 203 keal, whereas one C—C bond and two new C—H bonds 
are formed, evolving 233 kcal. The net result is 30 kcal, which is in 
good agreement with the correct value of 33 kcal. 

This crude method leaves little allowance for structural features such 
as the formation of rings and conjugated double bonds. 

Kharasch * has developed a comprehensive method for estimating 
the heat of combustion of an organic substance from a knowledge of its 
molecular structure and the total number of electrons shifted in the 
formation of the CO, molecules. The agreement with experimental 
measurements is very good. The original article must be consulted for 
details. 

Variation of Heat Capacity with Temperature. In the preceding 
chapter it was shown that the heat capacity of a monatomic gas at con- 
stant pressure is 5.0 cal per mole at all temperatures and that the heat 
capacity of polyatomic gases, as illustrated in Fig. 38 on page 117, are 
greater than this and increase with the temperature. Empirical equa- 
tions giving the molar heat capacities of a number of gases as a function 
of temperature are recorded in Table IV. 


* Kharasch, Bur. Standards J. Research, 2, 359-430 (1929). 
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VARIATION OF HEAT CAPACITY WITH TEMPERATURE = 1385 


TABLE IV 


Moar Hear Capacities or Gases at Constant PRESSURE IN CALORIES 


Decree! More! 


Cp = To + T1T + ToT? 


Gas To ie el0s T. x 10° 
He? 6.62 0.81 SOs 
Ne 3 6.76 0.606 0.13 
Oz 3 6.76 0.606 0.13 
CO 3 6.60 1.2 
HCl 2 6.70 0.84 
HBr? 6.80 0.84 
HI? 6.93 0.83 
Cl, 2 8.28 0.56 
F,3 6.50 1.00 
Se 2 ED 0.89 
H20 2 7.00 Dench Le 
HO 3 8.22 0.15 1.34 
COz * 7.70 5.3 —0.83 
HS 2 Us 3.32 See 
SO2 3 7.70 5.30 —0.83 
NH3! 6.70 6.30 
CH, ! 5.34 idl) 

1 From 300 to 800° K. 3 From 300 to 2500° K. 


2 From 300 to 1500° K. 


These heat-capacity equations are important in many practical cal- 
culations, but data from which to determine them are very meager, 
particularly for the more complex molecules and at the higher tem- 
peratures. Quite recently important progress has been made in deriving 
them from spectroscopic data with the aid of statistical mechanics 
(page 690). For the simple molecules the calculations are often more 
accurate than the calorimetrically determined data, especially at ele- 
vated temperatures. 

To calculate accurately the quantity of heat absorbed, at constant 
pressure when the temperature of a substance is increased, it is neces- 
sary to integrate the equation, dH = C, dT, between the desired tem- 
perature limits. 


T2 
Ain He Sr =| 2 Cpar (2) 
T\ 
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Example 5. Calculate the amount of heat required to raise a mole of carbon | 
dioxide from 25 to 200°. | 
473. 473.1 
f er ee f __, (1-70 + 0.00537 — 0.000000837") dT 


298.1 
0053 
AH = Hiss — Hose = C70G73 ee — (473.12 — 298.12) ; 


__ 0.00000083 
3 


= 1347.5 + 357.6 — 22.0 = 1683.1 cal ‘ 


(473.13 — 298.13) 


When the temperature is limited to a narrow range or the change of © 
heat. capacity with temperature is small, it is satisfactory to use the 
average heat capacity rather than the integrated heat capacity. Then 
the heat absorbed is given by the expression: 


AH = c. avg. x (T2 a T;) (3) 


These equations for the heat capacities at constant pressure can be 
transformed into the corresponding equations at constant volume C, by 
subtracting 1.987 from the first term, in agreement with the relation de- 
veloped in the preceding chapter that C, — C, = R. 

Variation of Heat of Reaction with Temperature. It has been shown 
that, for a mole of any substance, 


os 
Ir 


For a chemical reaction there are two heat capacities and two enthal- 
pies involved, one for the reactants and one for the products, thus, 
H products —_ H reactants — AH 
and 
CG; products ~— Cy reactants — AC, 


Then, for the whole reaction, 


(=) Pane 
or), AC (4) 


and, since the term AH is used for the heats of reaction at constant 
pressure, it is unnecessary to specify further the constancy of the pres- 
sure. Then, equation 4 may be written as 

dAH Le 

Se 5 

aT D (5) 
If we remember that AH is equal to q, the heat of reaction at constant 
pressure, this equation may be stated in words as follows: The increase 
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in heat of reaction at constant pressure per degree rise in temperature is equal ( 
to the heat capacity of the products minus the heat capacity of the reactants. +) 
This differential equation can be expressed in words in this manner be- 
cause one degree is such a small quantity that it may be put equal to dT’. 

For iarger temperature differences, equation 5 must be integrated be- 
tween the two temperatures, T; at which AH is AHj,, and a higher tem- 
perature T'2 at which AH is AH2: 


AHs T2 
AH, — AH, =|) dAH =i} AC, dT (6) 
AH, T\ 


If AC, is practically independent of temperature, over the temperature 
range from T,; to Tz, equation 6 becomes 


AH, — AH; = AC,(T2 — Ti) (7) 
and 
AH. — AH, 
eee AC, (8) 
de 


These simple formulas 6 and 8 are very useful for calculating the heat 
of reaction at a given temperature when it is known at another tem- 
perature and when the heat capacities of the reactants and products are 
known or can be calculated. 

If the heat capacity changes with temperature, it is necessary to know 
AC, as a function of temperature, and then the heat of reaction at dif- 
ferent temperatures can be calculated by equation 6 from standard rules 
of integrations as illustrated in example 6. 


Example 6. Calculate the heat of combustion of hydrogen at 120° from a 
knowledge of the heat of reaction at 25°. 
2H. (g) a Ox (g) — 2H20 (L) AHogg == — 136,600 
Calculating AH for the same reaction at 100°, using the molar heat capacities 


for Hz and Oz from Table IV, and assuming that the molar heat capacity of 
liquid water is 18 cal throughout the whole temperature range, we find 


373 
ET og — Ali ngt 4 f AC, at 
9 


373 
a: Somers S ,, (2 X 18) — 2 x (6.62 + 0.81 x 10-7) 


— (6.76 + 0.606 X 10-*7 + 0.13 X 10-°7)] dT 
—136,600 + 36(373 — 298) — [20.00(373 — 298) 
—1(0.002226)(3732 — 298%)] — 4 x 0.13 X 10-* x (373? — 2983) 
= —136,600 + 2700 — 1500 — 56 — 1 
= —135,457 


ll 
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At temperatures just above 100° the product is steam instead of liquid water, 
and sufficient heat is absorbed to vaporize the water, namely, 539.7 cal per gram. 


2H,0 (1) = 2H20 (g) AH373 = 36.03 X 539.7 = 19,445 cal 
Then 


2H2O0 (g) AH 373 = — 135,457 ae 19,445 
—116,012 cal 


2H» (g) + Oz (&) 


Finally, for this reaction at 120°, giving steam, further calculation must 
be made using the molar heat capacities of steam, hydrogen, and oxygen. 


393 
Nice oct i; _, 2 X (8.22 + 0.15 X 10-7 + 1.34 X 10-*79) 


—[2 X (6.62 + 0.81 X 10-37) 
+ (6.76 + 0.606 X 10-87 + 0.13 x 10-*7?)] dT 
—116,091 cal 
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PROBLEMS 
1. Compute the heat of reaction per mole of lead, in the smelting of lead, 
PbS + O2 = Pb + SO¢ 
from the data on the heats of formation and the equations, 
(a) PbS + 202 = PbSO4, and PbSOg + PbS = 2Pb + 280, 
Check the calculation, using the equations, 
(b) 2PbS + 302 = 2PbO + 2802 and 2PbO + PbS = 3Pb + SO, 
Ans. AH = —48.6 kcal. 
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2. In an adiabatic calorimeter, the combustion of 1.6324 g of sucrose produces a 
temperature rise of 2.854°. The molar heat of combustion of sucrose is 1349.6 keal. 

(a) What is the total heat capacity of the water and the calorimeter? 

(b) If the calorimeter contains 1850 g of water (specific heat = 1.0), what is the 
effective heat capacity of the calorimeter? In this problem, corrections for the 
oxidation of the wire and residual nitrogen may be neglected. 

Ans. (b) 405 cal deg. 
3. For acetone AH; is —61.4 keal at 25°. 
(a) Calculate the heat of combustion at constant pressure. 
(b) Calculate the heat evolved when 2 g of acetone is burnt under pressure in a 


closed bomb at 25°. Ans. (a) 426 kcal. (6) 14.6 kcal. 

4. For the compound CHCIFs, 

C, = 10.44 + 0.0230¢ 
where C, = calories per (mole) (°C) 
p= IO 

This relationship holds from 35 to 135°. Calculate the change in internal energy 
AE of the gas in going from 35 to 135°. Ans. 1239 cal per mole. 

5. Calculate the heat evolved in the reaction Hy + Cle = 2HCl at 1023° and 
constant pressure. Ans. —45.5 kcal. 


6. From the table of the heats of formation calculate the heats of combustion at 
constant pressure at 25° of (a) CO, (b) He, (c) CeHe, and (d) CoH;OH. 

7. (a) Calculate the heat of formation of PCl; (s), given the heats of the following 
reactions at 25°. 


2P (s) + 3Cle (9) 
PCls (2) + Ch (9) 


(6) State precisely what data would be needed to calculate the heat of formation 
of PCl; (s) at some other temperature. 

8. The heat of formation of nitric oxide from nitrogen and oxygen has been 
calculated from spectroscopic data. A direct calorimetric determination is desirable, 
however. It has been found that phosphorus will burn completely to P2Os; in nitric 
oxide leaving nitrogen, if the phosphorus is thoroughly ignited with a hot are. Cal- 
culate the heat of formation of NO from the following data. 

Phosphorus was burnt in a calorimeter in a stream of nitric oxide for 12.00 min 
and produced 1.508 g H3PO4. The calorimeter was surrounded by 1386 g of water. 
The observed temperature rise was 2.222°, and the cooling correction amounted to 
0.037°. The correction for the heat of stirring was 11.1 cal evolved per minute. 
The heat capacity of the calorimeter, as determined with an electric heater, was 244 
cal per degree. 

The same experiment was repeated in which the nitric oxide was replaced by a 
mixture of half nitrogen and half oxygen. The measurements were then repeated. 
The amount of H3PO, produced was 2.123 g. Time 10.00 min. Observed tempera- 
ture rise 2.398°. Cooling correction 0.032. Correction for heat of stirring 12.2 cal 
per minute. Weight of water 1386 g. Heat capacity of calorimeter 244 cal per 
degree. What is the heat of formation of NO? 

9. The heat of combustion at constant pressure and 25° of liquid carbon disulfide 
CS, is 246.6 kcal per mole. (a) Calculate the heat of combustion per mole at con- 
stant volume in a closed bomb. (b) Calculate the heat of formation AH; of liquid 
carbon disulfide. 


2PCIs (I) AH 
PCs (s) AH 


—151,800 cal 
—32,810 cal 


Il 
I 


140 THERMOCHEMISTRY 


10. (a) From the table of heats of formation calculate the heat of complete com- 
bustion of butanol at constant pressure at 25°. (b) Calculate the heat of combustion 


at constant volume. 
11. The equation for the molar heat capacity of n-butane is 


Cp = 4.64 + 0.05587 


Calculate the heat necessary to raise the temperature of one mole from 25 to 300°. 
12. H2O (g) + C — CO + He AH = 31,404 cal at 25° 


Cp(H20) = 7.00 + 0.002777 
C,(C) = 2.673 + 0.002617T — 
Cp(CO) = 6.60 + 0.001207 
Cp(H2) = 6.62 + 0.000817 
Calculate AH at 400°. 


1.169 x 10° 
[2 


13. Estimate the molal heat of combustion AH of n-nonane, CoH, from the data 
on octane, heptane, and hexane. 


14. Calculate the heat evorved at 25° in the reaction 3Mg + Fe,03 — 3MgO 
+ 2Fe. When magnesium is oxidized to MgO, AH = —145,700 cal. Show that, 
in measuring the isothermal heat of a reaction, no error is introduced if the tem- 
perature rises, provided that the products are cooled to the original temperature of 
the reactants. 

15. In an adiabatic calorimeter, 0.43862 g of naphthalene caused a rise of 1.707° 
in temperature. The heat capacity of the calorimeter and water was 2460 cal per 
degree. If corrections for the wire and residual nitrogen are neglected, what is the 
heat of combustion of naphthalene per mole? 

16. (a) Calculate the heat evolved when 1 g of ethylene is exploded at constant 
pressure at 25° with an excess of air. 

(b) Calculate the heat evolved when 1 g of ethylene is exploded with an excess of 
pure oxygen at 20 atm pressure in a closed bomb. 

17. One hundred grams of iron is dissolved in dilute acid at 25° giving a ferrous 
salt. Will more heat be evolved when the reaction is carried out in an open beaker 
or in a closed bomb? How much more? 

18. (a) Estimate from heats of formation and bond energies the heat of dissocia- 
tion of HBr gas into atoms. 

(b) Estimate the heats of the following reactions at constant pressure assuming 
that all reactants and products are in the gaseous state: 


CoH, + Bro i CeHuBre 
CoH, + 2Bre = CoHuBre + 2HBr 


19. For methane Cp = 5.34 + 0.01157. With this fact and data from this chapter, 
calculate AHjo09° for the reaction CH, (g) + 202 (g) — COz (g) + 2H20 (g). 

20. Calculate the molar heat of combustion of carbon monoxide at constant 
pressure and 1327°. 

21. As a rough approximation, the molar heat capacity of a solid is of the same 
order of magnitude as the sum of the atomic heat capacities of the solid elements of 
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which the solid compound is formed. What general statement can be made regarding 
the influence of temperature on the heat of reactions of solids to give solids, as, for 
example, the reaction Fe + S = FeS? 


22. One British thermal unit (Btu) is the heat required to raise the temperature 
of 1 lb of water 1° F. Calculate the number of British thermal units evolved by the 
complete combustion at constant pressure and 25° of 1 cu ft of water gas (3 CO and 
3 He by volume) measured at 25° and 1 atm. 

23. For the following reaction AH = 47.16 kcal: 


CH;COONa (ag) = CH2CO (g) + NaOH (aq) 


Calculate the heat of formation of ketene, CH2CO (g), obtaining additional data from 
tables of thermochemical data. 

24. How many grams of cane sugar (Cy2H»2011) must be oxidized to give the same 
number of calories of heat as the number of calories of work done by a 160-lb (59.8-kg) 
man in climbing a mountain 1 mile (1.609 km) high? The heat of combustion of 
Cy2H 22011 is 1349.7 kcal per mole. 

25. In some of the published tables of heats of formation and other thermodynamic 
properties diamond is taken as the standard state of carbon instead of graphite. 
Derive a relation between the heats of formation based on these two choices of the 
standard state of carbon, for a substance containing n carbon atoms per mole. 


CHAPTER. VIII 
THERMODYNAMICS 


The Second Law of Thermodynamics. Although work can always 
be transformed into heat, it does not follow that heat can be trans- 
formed completely into work. The first law of thermodynamics given 
on page 101 merely specifies that, when heat is converted into work, a 
definite quantitative relationship exists between the heat converted and 
the work done, but it tells nothing as to the maximum amount of work 
which can be obtained from a given quantity of heat. The second law 
of thermodynamics gives information as to the limitations which ex- 
perience has shown govern the transformation of heat into work. It 
states that heat cannot pass from a colder to a hotter body unless work 
is supplied from an outside source. In general, heat can pass spon- 
taneously only from a higher temperature to a lower temperature just 
as a body of water can flow only from a higher level to a lower level. 
Again, an engine operating in a cycle can do work only when there is a 
transfer of heat from a higher to a lower temperature. 

A kinetic explanation is helpful. If one end of a tube of gas is hot and 
the other end cold, heat will flow from the hot end to the cold and in so 
doing could do work. But after the motions of molecules have become 
averaged throughout, and the whole tube is at a uniform temperature, 
it is extremely improbable that the more rapidly moving molecules 
would all move spontaneously to one end, causing the tube to become 
hot at one end and cold at the other. In fact, it is far less likely than 
that a pack of cards after being shuffled should, by continued shuffling, 
return to the original order. It is less likely because the number of 
molecules is much greater than the number of cards in a pack, and the 
laws of probability hold better when large numbers are involved. 

The second law of thermodynamics may be applied to a variety of 


- FE 


phenomena. It may be stated in a more general way as follows: All / 


systems tend to approach a state of equilibrium. The natural movement 

of heat from a high temperature to a lower temperature and the im- 

possibility of a spontaneous movement of heat from a low to a higher 

temperature have been cited. The movement of molecules of a dissolved 

substance from a region of high concentration to a region of low con- 

centration giving uniform concentration throughout the whole solution 
142 
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is another manifestation of the second law. The running down of a clock 
or the reaction of zinc and sulfuric acid are other illustrations. 

The second law is statistical, and like all statistical laws it breaks down 
when only a small number of individuals is involved. For example, if 
there are more small particles moving around on one side of a micro- 
scopic field than on the other side, the general tendency is for particles 
to migrate from the region of high concentration to the region of low 
concentration until the concentration is uniform throughout, but oc- 
casionally it will be observed that a particle moves in the opposite direc- 
tion making the low concentration still lower, contrary to the prediction. 
When there is a large number of particles, this occasional movement 
against the general traffic becomes comparatively rarer. 

Entropy.* In order to express the second law in concise mathematical 
form, it is helpful to introduce the concept of entropy.* Entropy, des- 
ignated by the symbol S, is helpful in thermodynamical calculations of 
such quantities as engine efficiencies and chemical equilibria. The en- 
tropy of a system, like internal energy EH, or enthalpy H, is character- 
istic of the state of the material and does not depend on the previous 
history of the system. A change in entropy AS, or Sg — S;, depends 
only on the initial and final states. The amount of work done w and the 
heat absorbed gq may change, depending on how the experiment is car- 
ried out, but AS will always be the same, provided only that the initial 
and final states are the same. The change in entropy of a system (dS) 
for an infinitesimal, reversible process is defined by the equation, 


Odea: 
lage 


dS (1) 
where dq;ey. is the heat absorbed from the surroundings. For any natural 
process complete reversibility can never be attained on account of such 
effects as frictional losses which accompany practical operations. Then 
the entropy change of the system is greater than the heat absorbed, 
from the surroundings, divided by the absolute temperature; thus, 


dq 
dS > — 2 
= (2) 


The change in entropy of a given process may be defined as the heat ab- 
sorbed divided by the absolute temperature under conditions such that the 
process ts always reversible. 

If a process is irreversible, then, in order to calculate the entropy 
change, it is necessary to devise a means of passing from the same initial 


* En’tropy is accented on the first syllable. 
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state to the same final state by a series of isothermal reversible processes 
and measuring the heat absorbed in each step. For example, a mole of 
gas at 10 atm pressure at 25° might be expanded to a larger volume at 1 
atm at 25° by reducing the pressure to 1 atm in a single step. The heat 
absorbed would not be a measure of the entropy change because the 
process is not reversible. The process can be carried out reversibly, 
however, by expanding against a constantly decreasing pressure which 
is always slightly less than the pressure of the gas itself. Under these 
conditions the process is reversible, and the heat absorbed is a correct 
measure of the entropy increase which accompanies the expansion of 
the gas. Frequently, in order for the process to be reversible, the steps 
must be infinitesimally small steps, and the total entropy change is then 
obtained by integration. 

According to the second law of thermodynamics, all systems tend to 
approach a state of equilibrium, and entropy can be used as a quanti- 
tative measure of the extent to which this equilibrium has been ap- 
proached. Consider first an isolated system, thermally insulated so that 
dq = 0. If the process is reversible, that is, in a state of equilibrium, 
it follows from equation 1 that ds = dq,.,./T, and, since dq = 0, 


dS =0 (3) 


If the system is not in a state of equilibrium and the process is not 
reversible, equation 2 is applicable, and, since dq is still zero in this iso- 
lated system, 

dS > 0 (4) 


The more nearly reversible the process is, the closer will dS approach 
zero. ‘The increase in entropy which accompanies a process taking place 
in an isolated system may thus be considered a measure of the approach 
of the system to a state of equilibrium. 

From a slightly different point of view, the entropy of a system may 
then be regarded as a function of the probability of the thermodynamic 
state, the state of equilibrium being the most probable; and the tend- 
ency for the entropy of an isolated system to increase corresponds to the 
tendency of the system, if left alone, to go to a state of higher probability, 
that is, to equilibrium. This idea leads to another general definition ac- 
cording to which entropy is a measure of the disorder of a system. The 
more the molecules in a system are distributed in a disordered or random 
manner, the more probable is the arrangement, and the greater is the 
entropy. The greater the entropy, the smaller is the entropy increase 
required to bring the system to the state of maximum entropy which 
exists in the disordered state of complete equilibrium. 
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Entropy Calculations. A few concrete examples of entropy calcula- 
tions will now be offered. The transfer of heat from one body to another 
at constant temperature is a reversible process if the direction of heat 
flow may be reversed by infinitesimal changes in the temperature of one 
of the bodies. The fusion of a solid at its melting point or the evapora- 
tion of a liquid at a constant pressure equal to its vapor pressure are ex- 
amples of isothermal reversible processes in which the entropy change is 
readily visualized and easily calculated. Integration of equation 1 
yields, when T is constant, 

Vrev. 
Se —S,; = AS = T (5) 

Example 1. Solid mercury melts at —38.9° C with the absorption of 560 cal 
per mole. The process is isothermal, and the melting may be easily reversed by 
lowering the temperature of the surroundings infinitesimally; so the process’ 
must be reversible. 

Hg (s) > Hg (2) 

Grev. _ 560 

Ree: 


= 2.39 cal per degree = 2.39 entropy units 


The molal entropy of a liquid is always greater than that of the solid at the 
freezing point. 


Entropy has the dimensions of energy divided by absolute temper- 
ature, and the usual entropy units are given in calories per degree. 

The entropy increase involved in raising the temperature of a sub- 
stance may be calculated also. The heat absorbed is equal to the heat 
capacity C multiplied by the increase in temperature, and, if the changes 
are kept infinitesimally small, the process is reversible. Thus, 


Cray - C aT 


and 
arian. 


fe EN 6) 


ds 


As the temperature is raised, each infinitesimal absorption of heat must 
be divided by the temperature at which the absorption takes place, a 
calculation which is readily made with the help of calculus. Integrating 
between the limits 7, and T, gives 


Se ™ C dT 
if ages teat (7) 
Si T gh! 

If C is constant, 


T2 T2 
Ss —S, = C (nT, —InT) = Cln — = 2.303 log — (8) 
Ps T; 
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This formula is equally applicable for constant pressure or constant 
volume. If the heating is carried out at constant pressure, C> is used, 
and, if it involves constant volume, C, is used. Chemical operations 
usually involve constant pressure. 


Example 2. Calculate the increase in entropy involved in heating a mole of 
liquid mercury at constant pressure from 234.2 to 298.1° K. The average molal 
heat capacity at constant pressure over this temperature is 6.70 cal per degree. 


298.1 
234.2 


AS = Sq — 8; = 2.303 X 6.70 log = 1.62 cal per degree 

Example 3. When a mole of supercooled water freezes isothermally at 
—10° C, what is the change in entropy? The process is irreversible. In order 
to calculate the entropy change, the process must be carried out in steps, every 
one of which is reversible, and the absorption or evolution of heat must then be 
measured in each reversible step. Thus, 


H,0 (I) at —10° > H,0 (0) at 0° as =f" de: = 
H,0 (1) at 0° += > HO (s) at 0° AS = a 


—10° 
H20 (s) at 0° — H,0 (s) at —10° AS ={ Cis as 
Ps Cy F 
The crystallization of liquid water at 0° C evolves 80 X 18 cal. The specific 
heat of water is 1.0 cal per degree and that of ice is 0.5 cal per degree over this 


range. Then 
273 


263 


—80 


AS = (18 x 1.0 X 2.308 log —2 = 


+ (sx = 


263 


18 2. 
+( X 0.5 X 2.303 log 55 


= 0.67 — 5.28 — 0.34 
—4.95 cal per degree 


The Third Law of Thermodynamics. The most orderly arrangement 
which one can think of is a crystal, with its symmetrical lattice, at ab- 
solute zero where random motions due to thermal agitation have ceased. 
Here the entropy should be very small, and, in fact, according to the 
third law of thermodynamics, the entropy of most crystals may be taken as 
zero at the absolute zero. 

There is as yet no direct, conclusive proof of the validity of the third 
‘ law, but it has been checked and cross-checked in many different ways. 
It is important because it makes possible the determination of the ab- 
solute entropies of chemical compounds and the calculation of chemical 
equilibria, as is explained on page 286. The idea on which the third law 
is based was first proposed by T. W. Richards in 1902. The law was 
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propounded by Nernst and fully developed and applied to chemical 
problems by G. N. Lewis and his associates and others. * 

In calculating entropy, the entropy is taken as zero at the absolute 
zero; as the temperature rises, the molecules and parts of molecules 
absorb heat and move in a random manner. The higher the tempera- 
ture, the greater is the disordered motion, the greater is the amount of 
heat which has been absorbed, and the greater is the entropy of the 
substance. This concept of entropy can be made quantitative as well as 
qualitative. The increase in entropy involved in heating from absolute 
zero to any specified temperature may be calculated with the help of 
equation 9, 


rT 
Sei CdinT (9) 
0 


and, according to the third law, this increase in entropy is the absolute 
entropy. Tables of entropy have been prepared from specific heat data, 
and from these entropies the entropy changes in chemical reactions can 
be determined from the relation AS = Syyoducts — Sreactants: 

The determination of entropies is illustrated with the data on silver 
shown in part in Table I and plotted in Fig. 40. 

If the entropy is taken at 0° K as zero, according to the third law, and 
equation 9 is applied, the entropy at 298.1° K is given by the equation: 


298.1 K 


0 


The theoretical relation between C and log T is not known (except at 
very low temperatures), and so it is necessary to evaluate the integral 


by graphical means. The area ( f y a) is determined by plotting ac- 


curately C, against log T and counting the squares under the curve out 
to log 298.1° K, this area in turn being multiplied by the conversion fac- 
tor of natural logarithms. For silver, the value of So9g1 x obtained by 
evaluating this area is 10.21 entropy units (calories per degree). 

Specific heat measurements have been made with special electric 
calorimeters on many substances down to liquid-air temperatures, and 
on some substances down to the boiling point of hydrogen, and lower. 


* Lewis, Gibson, and Latimer, J. Am. Chem. Soc., 44, 1008 (1922); Lewis and 
Randall, “Thermodynamics and the Free Energy of Chemical Substances,”’ McGraw- 
Hill Book Co., New York, 1923; Parks and coworkers, J. Am. Chem. Soc., 47, 338 
(1925); 48, 1506, 2788 (1926); 52, 1032, 1547, 3241, 4381 (1930); and later articles; 
Giauque and Blue, J. Am. Chem. Soc., 58, 831 (1936); Aston, in Taylor and Glasstone, 
“Treatise on Physical Chemistry,” D. Van Nostrand Co., New York, 1942, Chapter 
TVE 
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The extrapolation to absolute zero does not involve very large errors, 
and, fortunately, in the region of absolute zero, the specific heat-tem- 
perature curve can be calculated with fair accuracy (p. 119). 


ee 


6.0 


4.0 


Heat Capacity per Gram -Atom 


1.0 


1.4 


1.8 
Log T 
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2.6 


Fia. 40. Graph for calculating absolute entropy of silver from heat capacity to 


Heat Capacity or SILver ! 


absolute zero. 


TABLE I 


Tt Log T Gr ih Log T Cs 
15 1.1761 0.160 140 2.1461 5.310 
20 1.3010 0.410 160 2.2041 5.461 
25 1.3979 0.747 180 2.2553 5.584 
30 1.4771 1.140 200 2.3010 5.653 
40 1.6021 2.001 220 2.3424 5.708 
60 1.7782 3.405 240 2.3802 5.765 
80 1.9031 4.245 260 2.4150 5.819 
100 2.0000 4.769 280 2.4472 5.843 
120 2.0792 5.092 298. 2.4744 5.851 
300 2.4771 5.852 


1 Meads, Forsythe, and Giauque, J. Am. Chem. Soc., 63, 1902 (1941). 


An increase in entropy is produced by mixing two substances, and, 
if the entropy of these pure substances is zero at 0° K, the mixture can- 
not be zero also. Accordingly, the third law is restricted to pure crys- 
tals, but often it may be applied, with only small errors,* to solutions 


and glasses. 


* An interesting case is that of hydrogen, which exists in two forms, ortho and 
para, having different specific heats as described in Chapter XIX. Thermodynamical 
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If there is a change of state, or a transition from one crystalline form 
to another, the heat absorbed in the change must be divided by the tem- 
perature at which the change takes place, and added to the entropy as 
calculated from the specific-heat curve. 

Table II gives the entropies at constant pressure of 1 atm for a num- 
ber of elements and compounds obtained from these specific-heat meas- 
urements at low temperatures. Data of this type can be used in the 
calculation of chemical equilibria as shown in Chapter XII. 


TABLE II 


Atomic AND MoLecuLar ENTROPIES AT 25° 


Water (I) 16.8 Methane (g) 44.5 
Hydrogen (5H) (g) 15.6 Methanol (J) 30.3 
Carbon (diamond) 0.6 Maleic acid (s) 38.1 
Carbon (graphite) 1.4 Fumaric acid (s) 39.7 
Nitrogen (4No) 22.9 Benzene (I) 41.9 
Oxygen (402) 24.5 Ethanol (/) 38.4 
Helium (He) 29.8 tertiary-Butanol (1) 45.3 
Sulfur (rhombic) 7.6 cyclo-Hexane (() 49.2 
Sulfur (monoclinic) 7.8 Toluene (() 52.4 
Chlorine ($Clz) (g) 26.6 n-Butanol (1) 54.5 
Silver (s) 10.2 n-Hexane (1) 70.6 
Mercury (I) 17.8 Ethylbenzene (I) 61.2 
Hydrochloric acid (g) 44.7 Ethyl ether (J) 60.5 
Carbon dioxide (g) Stet n-Heptane (1) 78.6 
Copper (s) 8.0 Ethylene (g) 52.5 
Lead (s) 15.5 Acetylene (g) 48.0 


Free Energy and Work Content. Two other thermodynamic func- 
tions, work content A and free energy F’, have been invented, in addition 
to internal energy H, enthalpy H and entropy S, for convenience in 
studying processes at constant temperature. The work content and 
free energy * of a phase are defined by the equations: 


A=EH-TS (11) 
F=H-—TS (12) 
Like entropy F and A depend only on the state of the system. 


calculations persisted in showing that the entropy of hydrogen was too low by an 
appreciable amount, and it is now known that an entropy increase of this magnitude 
due to the change from one form to the other does actually occur just above the 
absolute zero. The change comes at such a low temperature in the case of hydrogen 
that it was missed in the early experimental measurements. 

* This function, called free energy and given the symbol F by G. N. Lewis, was 
given the symbol ¢ by Willard Gibbs. It is now frequently given the symbol G. 
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Of these concepts free energy is perhaps the most useful in its ap- 
plication to chemical problems because it provides a convenient quanti- 
tative measure of the extent to which substances react chemically. It 
permits the calculation of chemical equilibria, as explained on page 268. 
The practical importance of equation 12 in such calculations is dis- 
cussed on page 286. 

Using the definition of H, we have 


H=H+p (13) 
We see that 
F=E+p-—TS (14) 
and, further, from equation 11, we obtain the relation: 
F=A+p (15) 


The absolute values of A and F, like those of H and H, are not known. 
We are concerned, however, only with the changes in these quantities, 
and, in passing from the initial to the final state, we may write, for ex- 
ample, 


Ao —Aysiie — By 11 S2 sy) 
or 
AA = AE — A(TS) (16) 
Again 
AF = AH — A(TS) (17) 
and 
AF = AA + A(pv) (18) 


These equations are more useful under certain specific restrictions; 
thus, at constant temperature, 


A, — A, = Ey — Ey — (TS. — TS) 


and equation 16 becomes 
AA = AE—T AS (19) 


At constant temperature equation 17 becomes 

AF = AH — TAS (20) 
and at constant pressure equation 18 becomes 

AF = AA + p Av (21) 


Of these last six equations which follow at once from the definitions 
of A, F, and H, equations 20 and 21 are most frequently used in physical 
chemistry. 


Aerie 
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For changes at constant temperature AA has a physical meaning which 
is easy to grasp. If we consider a process which is reversible as well as 
isothermal, 


TAS = Trev. 
Substituting into equation 19 gives 
AA = AE — Trev. 
By the first law of thermodynamics, 
AE —q = —w 
and so 
—AA = Wmax. (22) 


The work w is restricted to maximum work wWyax. because the heat q¢ 
was restricted to heat in a reversible cycle qd,ey, It must be constantly 
born in mind that AA refers to the initial and final states and that its 
value does not depend on the manner in which the change was carried 
out. Only if the process is reversible, will the maximum work be done. 
If the process is not reversible, AA will still be the same, but w will be 
less than Wax. 

In words, the decrease in work content, as its name implies, equals 
the maximum amount of work which can be obtained isothermally. 

The significance of AF at constant temperature and pressure, where 
it is most useful, can be seen easily from equations 21 and 22. Com- 
bining gives 

Alem Wmax. — P Av (23) 
Since p Av is the work of expansion, this equation states that, if the tem- 
perature and pressure are kept constant, the decrease in free energy equals 
the maximum. available work other than expansion work, that is, other than 
the work involved in increasing the volume of the system against a re- 
sisting pressure. 

It may be worth while now to bring together three important relations 
between the thermodynamic quantities and to attempt descriptions in 
words, which, although inadequate and oversimplified, may be helpful 
in remembering the formulas. 

According to definition in equation 18, 


AH = AE + A(pv) 


The change of enthalpy is composed of two quantities, a change in 
the internal energy (which may be regarded roughly as the total chem- 
ical energy) plus the change in the product pv (which under the special 
conditions of constant pressure may be regarded as external work against 
the surroundings). 
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According to equation 17, 
AH = AF + ACES) 


The change of enthalpy is also composed of two other quantities, the 
change in free energy (which at constant temperature may be regarded 
as maximum available work excluding external pressure-volume work) 
plus the change in the product 7'S (which at constant temperature is not 
readily available for doing useful work). At constant temperature the 
term 7’ AS is visualized as heat absorbed when the process is carried out 
reversibly. 
According to equation 18, 


AF = AA + A(pv) 


The change in free energy (which at constant temperature may be re- 
garded as maximum available work excluding pressure-volume work) 
is equal to the change in work content (which may be regarded as a meas- 
ure of the maximum work obtainable at constant temperature) plus the 
change in the product pv (which for the special case of constant pressure 
can be visualized as the pressure-volume work). 

Influence of Pressure on Free Energy. For any infinitesimal change 
we obtain, by differentiation of equation 15, 


dF =dA + pdv+vdp (24) 


If the process is reversible and isothermal, and the work restricted to 
that due to volume changes, we obtain, from equation 22, 


dA = —dw,,, = —pd (25) 
Adding equations 24 and 25 gives 


dF =vdp (26) 


a5) 
Op/r 
or, in words, at constant temperature, the rate of change of free energy 


with pressure equals the volume. If the system is an ideal gas, integra- 
tion of equation 26 at constant temperature gives 


nRT 
far = | ——dp 
P 


and 


I 
SS 


F = nRT In p + constant ) (27) 


se 


. BOTA 
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or integrating between limits, /; and p,; being the initial values and F's 
and pez being the final values, 


Ay Seer ae (28) 


P1 


This equation which is limited to process with ideal gases at constant 
temperature will be found useful in later chapters. 

If the system is not a gas but a liquid or solid which remains constant 
in volume over moderate changes in pressure, we have, by the integra- 
tion of equation 26, 

AF = F, — Fy = v(p2 — pi) (29) 


This equation too will find later application. 

Since the free energy depends only on the state of the system, these 
equations can be applied to the change from a given initial state to a 
given final state, even if the process originally under consideration was 
irreversible. 

Application to a Chemical Reaction. The chemical significance of 
enthalpy, free energy, and entropy may be illustrated with the reaction 
by which copper is precipitated from a solution of copper sulfate by the 
addition of zinc under conditions of constant temperature and constant 
atmospheric pressure. The reaction is 


Zn + Cutt + Zntt + Cu 


The change in enthalpy may be obtained by simply measuring the 
heat evolved when zinc is added to an open calorimeter containing the 
copper sulfate. The rise in temperature multiplied by the heat capacity 
of the solution and calorimeter gives directly —q, or —AH. 

The change in free energy may be obtained by carrying out the re- 
action in an electric cell made by dipping a zinc rod into a solution of 
zine sulfate and a copper rod into a solution of copper sulfate and con- 
necting the two solutions with a tube of solution or a porous plate. This 
little battery will operate a motor and do work which can be measured, 
but the maximum work obtainable is determined more accurately with 
a potentiometer and galvanometer (as described on page 487) under 
conditions such that the voltage is measured when very little current is 
flowing. Zinc is consumed and copper deposited by the operation of the 
cell, but by increasing the applied voltage slightly above the voltage of 
the cell, the cell may be operated backwards so that copper is consumed 
and zine deposited. In other words, the process can be reversed by in- 
finitesimal changes, and, hence, this is a way in which the reaction can 
be carried out reversibly. Then, by equation 23, the electrical work 
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measured under these conditions equals the change in free energy (— AF’). 
The expansion work p Av, owing to the change in volume of the solution 
when the reaction occurs, is not measured by the potentiometer. The 
change in work content (—AA) for the reaction, according to equation 
22 is equal to the electrical work plus the p Av work. 

As a matter of fact, in this particular reaction where no gas is in- 
volved and the change in volume of the solutions is negligibly small, the 
external pressure-volume work is negligible, and AF = AA = —wWyax.- 
In a zinc-hydrogen cell, however, in which a mole of hydrogen gas is | 
evolved for each mole of zinc consumed, AA would exceed AF by an en- | 
ergy of »Av or RT. 

The change in entropy (AS) when zinc is added to a solution of copper 
sulfate in a calorimeter cannot be determined by dividing the heat of 
reaction by the absolute temperature, because the reaction carried out 
in this way is not reversible. Only reversible processes can be used in the 
calculation of entropy by equation 5. It is necessary to measure the 
heat evolved or absorbed when the reaction is carried out reversibly. 
For example, the zinc—-copper battery just described theoretically can 
be placed in a calorimeter, and the heat which is evolved or absorbed 
can be measured while the cell is operating reversibly. Under these con- 
ditions of complete reversibility, the current drawn from the cell is so 
small that the calorimetric measurement would be inaccurate. As in 
many other deductions of thermodynamics, however, useful information 
can be obtained from hypothetical experiments which cannot be carried 
out in the laboratory. 

This quantity of heat absorbed during this hypothetical operation of 
the cell, divided by the absolute temperature, gives the entropy change 
which accompanies the reaction, 


Zn + Cutt — Zn** + Cu 


no matter how it is carried out, for AS depends only on the initial and 
final states. If a considerable current is drawn from the battery so that 
the process is not reversible, the work will be less than the maximum, 
and the heat absorbed will be less than for the reversible case. This 
latter statement follows from equation 2, which on integration becomes 


q 
AS 
T (30) 


for an irreversible isothermal process. However, although q will be 
less than qrey,, AS and AF will be the same as calculated for the reversible 
cell because they depend only on the initial and final states. 
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Spontaneous Changes. The second law affords criteria for equilib- 
rium and for deciding whether or not a process can possibly take place 
of itself. Thus, by equation 2, if dS > dq/T, the process is a natural 
one, that is, it is possible for it to take place spontaneously. If dS = 
dqrey./T, the process is reversible, or, in other words, the system is in a 
state of equilibrium. In adiabatic processes which involve a system 
isolated from its surroundings, q = 0, and the conditions are somewhat 
simpler: dS > 0 for spontaneous changes, and dS = 0 for changes taking 
place at equilibrium; while dS < 0 for changes which are not possible 
unless energy is supplied from some other source.* 

For a system which is not isolated but is kept in contact with its en- 
vironment at constant temperature and pressure, the free energy pro- 
vides a more convenient thermodynamic criterion for equilibrium and 
for natural changes. These are the conditions under which many chem- 
ical processes are carried out, and, hence, free energy is very important 
in physical chemistry. We may start with the equation, 


F=EH+pv—TS (31) 
At constant temperature and pressure, 


AF = AE + p Av —T AS (82) 
From equation 1, 
q= 1-AS (33) 


in reversible processes at constant temperature. By the first law of 
thermodynamics, 
AE =q-w (34) 


and, hence, on combining equations 32, 33, and 34, we obtain 
AF = —w+pAv (35) 


For systems subjected to no external forces other than pressure, equa- 
tion 35 simplifies to 
AF = 0 (36) 


because, under these conditions, the only work done is the pressure-— 
volume work. According to this equation, at constant temperature and 
pressure, if there is no change in free energy, the system is in a state of equi- 
librium. 


* It may be recalled that in example 3 the zsothermal freezing of supercooled water 
at —10° is accompanied by a decrease in entropy. But in this case the system is 
not isolated. If the supercooled water were isolated thermally in a vacuum bottle, 
it would not change completely into ice. 
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For spontaneous irreversible processes, a similar line of reasoning may 
be followed, starting with equation 2, 


G. =<) AS 


and leading to the relation that 
AF <0 


Thus, at constant temperature and constant pressure, if AF has a neg- 
ative value, the system can change naturally by itself. If it is a chem- 
ically reacting system, the chemical reaction can take place spontan- | 
eously. 

In case AF > 0, the system is not in a state of equilibrium, and the 
process will not take place spontaneously. It is evident that the reverse 
process would take place spontaneously, however, since for the reverse 
process AF would be less than zero. 

These considerations of free energy as a criterion for equilibrium or 
spontaneous reaction can be illustrated with a mixture of ice and water. 
Both ice and water have the same free energy per mole at 0° and | atm 
pressure, and there is no tendency for the ice to melt or the water to 
freeze in a mixture at 0° and 1 atm. On the other hand, the free energy 
of water supercooled to —10° C is higher per mole than that of ice at 
—10°, both being under a pressure of 1 atm. The change of water to 
ice at this temperature and pressure is accompanied by a decrease in 
free energy, and, hence, it is a natural change. The change in the re- 
verse direction, that is, ice changing to water at —10°, cannot take 
place spontaneously because there would then be an increase in free 
energy, that is, AF > 0. 

If the processes are carried out at constant volume instead of at con- 
stant pressure, the work content is a more useful thermodynamic quan- 
tity, and, by reasoning similar to that already outlined, the criterion for 
an equilibrium process is that 

AA =0 


and, for a spontaneous process, that 
AA <0 


These several relations are summarized in Table ITI 

Although these criteria may show that a certain process is a natural 
or spontaneous one, it does not necessarily follow that the process will 
take place with an appreciable speed. Thus, a mixture of 1 mole of car- 
bon and 1 mole of oxygen at 1 atm pressure and 25° has a free energy 
greater than that of 1 mole of carbon dioxide at 1 atm and 25°, and so 
it is possible for the carbon and oxygen to combine to form carbon diox- 
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ide at this constant temperature and pressure. However, thermo- 
dynamics has nothing to say about the time that will be required, and 
carbon may exist for a very long time in contact with oxygen; but the 
reaction is possible and will take place slowly. The reverse process—the 
decomposition of carbon dioxide—involves an increase in free energy, 
and it can occur only with the aid of an outside agency or by heating to 
a very high temperature where the free-energy change has the opposite 
sign. 
TABLE III 


CRITERIA FOR EQUILIBRIUM AND SPONTANEOUS PROCESSES 


eet Not 
Spontaneous | Equilibrium Spontaneous 
AS (q = 0) + 0 — 
AF (T and p, constant) _ 0 + 
AA (T and v constant) _ 0 + 


Early attempts to discover a relation between thermodynamics and 
the direction of spontaneous chemical reactions led Berthelot in 1879 to 
the false conclusion that the evolution of heat in a chemical reaction is a 
measure of chemical affinity. The mere existence of spontaneous re- 
actions which absorb heat and the general reversibility of all reactions 
under suitable conditions show that this suggestion cannot be right. In 
some cases, however, where the entropy change is very small, it serves 
as a rough approximation. This statement follows from the relation, 
AF = AH — T AS, at constant temperature and the criterion, AF < 0, 
for spontaneous processes under the conditions usual for carrying out 
chemical reactions. If 7’ AS is small compared with AF, as is often true, 
then AH and AF will have the same sign and approximately the same 
magnitude; AH will then be negative, and heat will be evolved in the 
spontaneous reactions with negative values of AF. 

A qualitative principle known as the theorem of Le Chatelier has 
been useful in predicting the direction in which a change may be ex- 
pected. According to this theorem, if a system at equilibrium is dis- 
turbed, the system will shift in such a way as to minimize the effect: of 
the disturbance. For example, if pressure is applied to ice, the ice melts 
to give liquid water, which has a smaller volume, and the pressure is 
relieved. Other examples are given in later chapters. 

Thermodynamic Calculations. The various thermodynamic quan- 
tities g, w, H, F, 8, E, and A, are understood best through the quan- 
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titative relations which connect them. In this section simple physical | 
processes are considered. Applications to chemical processes may be 
found throughout the book. In considering the application of thermo- 
dynamic formulas to a given problem, the various restrictions under 
which these formulas were derived must be borne in mind, and it is well 
to consider: (a) What are the initial and final states? (0) Is the process 
reversible or not? (c) Is it isothermal or not? (d) Is it isobaric or not; 
that is, is it carried out at constant pressure? 


Example 4. One mole of benzene is vaporized at the boiling point 80.2° or 
353.3° K under a pressure of 1 atm. The heat of vaporization measured in a 
calorimeter at constant pressure is 94.4 cal per gram. Calculate w and g and 
each of the thermodynamic quantities AH, AH, AA, AF, and AS. The process is 


CeHe (2) — CeHe (vap) 
and it is carried out reversibly, isothermally, and at a constant pressure of 1 atm. 
Q = AH = 94.4 X 78.11 = 7374 cal per mole 


Assuming that the volume of the liquid is negligible in comparison with that of 
the vapor and that the vapor obeys the simple gas laws, we have 


= pAV = p(Vvap. — Vig.) =* PV vay. = RT 
= 1.987 X 353.3 = 702 cal per mole 

AE = AH — p Av = 7374 — 702 = 6672 

AA = —Wmax. = —p Av = —702 


AF = [vdp =0 


Also, calculating AF in a different way gives 
AF = AA + pAv = —702 + 702 = 0 


= Qrev. _ 7374 


AS sah 
T 353.3 


= 20.87 entropy units 


Also, calculating AS in a different way yields 


AH —AF 7374-0 


AS = = 
Hy 353.3 


= 20.87 entropy units 


Example 5. One mole of an ideal gas at 27.0° changes its pressure from 10 
to 1 atm by expanding isothermally and reversibly against a pressure which is 
gradually reduced. Calculate each of the thermodynamic quantities. Calcu- 


lations with the simple gas equation show that the volume expands from 2.462 
to 24.62 liters. 


* The symbol = is used to indicate an approximate equality. 
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The process is carried out isothermally and reversibly, but the pressure is not 


constant. 7 
24.62 
hae = RT In = 1: eee 
Danae vA 987 x 300.1 X 2.308 log 5765 


ll 


1.987 X 300.1 X 2.303 X 1 = 1878 cal 
AA = —Wmax. = —1373 cal 
Since the internal energy of an ideal gas is not affected by a change in volume. 
AE =0 
q = AE + w= 0 + 1373 = 18738 cal 
AH = AE + A(pvr) =0+0=0 


since pv is constant for an ideal gas at constant temperature. 


1 
AF =| vdp = RT [In p]ty = 1.987 X 300.1 X 2.303(—1) = —1373 cal 
10 


Also, 
AF = AA + A(pr) = —13873 + 0 = —1873 cal 
_ Grev, — 1873 _ ae 
ANS) = RE He 4.58 entropy units 
Also, 


rane Ah 0 ie 1oi3) ee . 
ANS) = T = 3001 = 4.58 entropy units 


Example 6. One mole of an ideal gas expands isothermally at 27° into an 
evacuated vessel until the pressure drops from 10 to 1 atm; that is, it expands 
from a vessel of 2.462 liters into a connecting vessel such that the total volume 
is 24.62 liters. Calculate the change in thermodynamic quantities. 

This process is isothermal,.but it is not reversible, and the pressure is not 
constant. 

w = 0 because the system as a whole is closed and no external work can be 
done. 

q = 0 because, according to the Joule-Gay-Lussac effect, there is no heat 
change in the vessel as a whole during the expansion of an ideal gas. 

AA and AF cannot be calculated directly from w, because the work is not 
maximum work, and AS is not equal to q/T’, because the heat is not measured in 
a reversible process. But these ‘quantities are independent of the path, and 
their differences between initial and final state are identical with those of the 
preceding example 5 carried out under conditions which permit their calculation. 

Then, 


ey Clee Ara 1570 ale . A 00 An = 0, 
AS = 4.58 entropy units 
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Conversion of Heat into Work. When asystem goes through a series 
of changes which bring it back to its original state (a cyclic process), no 
work can be produced from heat absorbed if the temperature is main- 
tained constant. However, when heat can be removed at a lower tem- 
perature, some heat can be converted into work, and the maximum work 
obtainable can be calculated as shown in the following derivation. A 
reversible engine is assumed, for only in a reversible process can the max- 
imum work be obtained. 

Consider an engine which performs the following steps reversibly 
(Carnot cycle): g2 units of heat are taken in at temperature 72, the tem- 
perature is changed to T by an adiabatic process (such as adiabatic ex- 
pansion of a gas in the engine), q; units of heat are rejected to the sur- 
roundings at the lower temperature T;, and the cycle is then completed 
by an adiabatic process which raises the temperature to Tz and restores 
the system to its original state. The engine gains entropy g2/T2 at the 
higher temperature, loses entropy qi/7; at the lower temperature, and 
suffers no change in entropy in the adiabatic steps, because in these steps 
q = 0. The entropy change in the engine is zero for a complete cycle 
because the engine returns to its original condition and therefore to its 
original entropy. Then, 


———=0 (37) 


For the complete cycle AZ is zero also, and, by the first law, the work 
done per cycle is given by 


WwW. = 09 a1 (38) 

Solving equation 37 for q; and substituting in equation 38, we obtain 
Tyee T, 

Wmax. = Q2 eo . (39) 


wherein we have explicitly indicated that the work obtained is a max- 
imum, since the process is reversible. 

This important equation, which may be regarded as a mathematical 
statement of the second law of thermodynamics, is independent of the 
properties of the substance in the engine and of the engine itself, pro- 
vided it undergoes a Carnot cycle. It shows that the maximum fraction 
of heat which can be converted into work, that is, wmax,/G2, or the max- 
imum efficiency of the process, is equal to the difference in temperature 
divided by the higher absolute temperature. If the condenser could be 
placed at absolute zero all the heat would be available for doing work, 
and the maximum efficiency would be unity. This equation 39 finds 
important applications in engineering. 


=) 
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Example 7. What is the maximum work that can be obtained from 1000 cal 
of heat supplied to a water boiler at 100° if the condenser is at 20°? 
T, — Ty 373.1 — 293.1 


Wmax, = 42 T = (1000) ae ee ee = 214 cal 


If the boiler temperature is raised to 150° by the use of superheated steam 
under pressure, how much more work can be obtained? 
423.1 — 293.1 


Wmax, = (1000) — tis." oo 307 cal 


307 — 214 = 93 cal more 


Mercury engines have been successfully operated, and their thermo- 
dynamic efficiency is higher than that of steam engines because the boiler 
temperature is 723° K; but the advantage is offset by the initial cost of 
mercury, the great weight, and the danger from poisoning by mercury 
vapor. 

A relation of the same form as equation 39 was derived by Carnot for 
an ideal gas put through a Carnot cycle, which in this case consists of 
an isothermal expansion at 7, adiabatic expansion to JT», isothermal 
compression at 72, and finally an adiabatic compression to 7T;. The 
details are given in the appendix on page 676. The second law as de- 
rived in equation 39 is general, whereas the Carnot cycle is derived only 
for an ideal gas. 

The temperature used in deriving equation 39 was introduced in 
equations 1 and 2 and called the thermodynamic absolute temperature 
without further discussion, whereas the temperature used in the deriva- 
tion in the appendix leading to the same relation is the absolute tem- 
perature of ordinary usage, defined in terms of the properties of ideal 
gases. Hence, both temperature scales are essentially the same, and, if 
one degree on the thermodynamic scale is taken equal to 1° C, the scales 
become identical. 

The Gibbs—Helmholtz Equation. Another important relation is ob- 
tained by differentiating equation 12 with respect to temperature at con- 


stant pressure. 
oF oH as 
(=) ===) — 7 (—) —8 (40) 
OT / >» OT / » OT /5 


The second and third terms are both equal to ¢,. They cancel out, 


leaving 
or 
8 \ a4 9 4] 
aa wp 
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In words, the derivative of free energy with respect to temperature at 
constant pressure is equal to the negative of the entropy. 
Substituting the equivalent of —S from equation 12 gives 


(—) = FAH (42) 
Ay eee 


or, taking the values of F and 7 in the initial and final states of an iso- 
thermal process, 


OAF AF — AH 
or “ 
oT ty 


According to this equation, the difference between the change in free 
energy and the change in enthalpy for an isothermal process, divided by 
the absolute temperature, is equal to the rate at which the difference in 
free energy changes with temperature, when the pressure is kept con- 
stant. This important equation is known as the Gibbs—Helmholtz 
equation. It is illustrated in detail in a later chapter (page 440). 
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PROBLEMS 


1. A mole of steam is condensed at 100°, and the water is cooled to 0° and frozen 
to ice. What is the entropy change? Consider that the average specific heat of 
liquid water is 1.0. Heats of vaporization and fusion are 539.7 and 79.7 per gram. 

Ans. AS = —36.9 eu. 

2. Calculate the molal entropy of liquid chlorine at its melting point, 172.12° K, 

from the following data obtained by Giauque and Powell: 


1B AS 15 20 25 30 35 40 - 50 60 
Cp cal degree“! mole? = 0.89 1.85 2.89 3.99 497 5.73 6.99 8.00 
IP VS 70 90 110 130 150 170 172.12 


Cp cal degree mole! 8.68 9.71 10.47 11.29" 12:20" 13517- ime: 


Heat of fusion = 15381 cal per mole. 
A plot of C,/T against T is most convenient for the graphical integration. Below 
15° it may be assumed that C> is proportional to T°. Ans. 24.9eu. 


a 
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3. A thermostat was maintained at a temperature of 96.9°. The air in the room 
was at 26.9°. During a certain length of time 1000 cal of heat leaked through the 
thermostat insulation into the room. 

(a) What was the entropy change of the material in the thermostat? 
(b) What was the entropy change of the air in the room? 
(c) Was the process reversible or irreversible? 
Ans. (a) —2.70 eu; (6) 3.33 eu; 
(c) Total entropy change = 0.63 e u, therefore irreversible. 

4, Tabulate: (a) w, (6) q, (c) AH, (d) AE, (e) AF, (f) AA, (g) AS when 1 mole of 
steam is compressed reversibly to liquid water at the boiling point 100°. The heat 
of vaporization of water at 100° and 760 mm is 539.7 cal per gram. 

Ans. (a) —743 cal. (6) —9720 cal. (c) —9720 cal. (d) —8977 cal. 
(e) 0. (f) 748 eal. (g) —26.0 eu. 

5. One liter of an ideal gas at 300° K has an initial pressure of 15 atm and is 
allowed to expand isothermally to a volume of 10 liters. 

(a) Calculate the maximum work which can be obtained from the expansion. 
Calculate (b) AH, (c) AH, (d) AF, (e) AA. 
Ans. (a) 830 cal. (6) 0. (©) 0. (@ —830 cal. (e) —830 cal. 

6. Derive an expression for the difference in entropy of 1 mole of an ideal gas 
with constant heat capacities at a temperature 7’; and pressure p; and at temperature 
T2 and pressure pp by calculating the entropy changes when 1 mole of the gas is 
heated from 7 to JT, at constant pressure p; and then is isothermally and reversibly 
compressed from py, to pr. pe 
PA 

7. Theoretically, how high could a gallon of gasoline lift an automobile weighing 
3200 lb against the force of gravity, if it is assumed that the cylinder temperature is 
2200° and the exit temperature 1200°? (Density of gasoline = 0.8; 1 lb = 453.6 g; 
1 ft = 30.48 cm; 1 liter = 0.2642 gal. Heat of combustion of gasoline = 11,200 cal 
per gram.) Ans. 13,200 ft. 


il 
Ans. AS = Cpin—— Rin 
Ti 


8. Calculations with the Debye formula show the molal entropy of silver iodide 
to be 1.5 entropy units at 15° K. From the following data for the molar heat capacity 
at constant pressure, calculate the molal entropy of silver iodide at 298.1° K: 


Mire) > Cy Tan) Os Te “¢, mamas Oi, 
21.00 3.82 64.44 9.36 145.67 11.92 258.79 13.05 
30.53 5.23 88.58 10.60 170.86 12.15 273.23 13.26 


42.70 7.09 105.79) 10519 198.89 12.49 287.42 13.48 
52.15 8.20 126.53 11.60 228.34 12.76 301.37 13.64 


9. One mole of nitrobenzene CgsH;NOs¢ is vaporized at 210°. The heat of vaporiza- 
tion at this temperature is 79.1 cal per gram. Calculate (a) g, (b) w, (c) AH, (d) AE, 
(e) AF, (f) AA, (g) AS. 

10. Ten grams of helium is compressed isothermally and reversibly at 226.9° from 
a pressure of 2 atm to 10 atm. Calculate (a) q, (6) w, (c) AF, (d) AA, (e) AH, (f) AE, 
(g) AS. 

11. Calculate each of the quantities listed in Problem 10 for the isothermal com- 
pression of the helium not reversibly, but with a pressure of 10 atm applied directly. 

12. One mole of NH3 (considered to be a perfect gas) initially at 25° and 1 atm 
pressure is heated at constant pressure until the volume has trebled. Calculate 
(a) q, (6) w, (c) AH, @) AE, (e) AS. For NH3, Cp = 6.70 + 0.00637. 
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13. In the reversible isothermal expansion of an ideal gas at 300° K from 1 liter 
to 10 liters, where the gas has an initial pressure of 20 atm, calculate (a) AS for the 
gas, (b) AS for all systems involved in the expansion, (c) 4A for the gas, (d) AA for all 
systems involved in the expansion. 

14. Calculate the theoretical maximum efficiency with which heat can be converted 
into work in the following hypothetical turbines: 

(a) Steam at 100° with condenser at 40°. 

(b) Mercury vapor at 360° with condenser at 140°. 

(c) Steam at 400° and condenser at 150°. 

(d) Air at 800° and exit at 400°. 

(e) Air at 1000° and exit at 400°, special alloys being used. 

(f) Helium at 1500° and exit at 400°, heat from atomic energy being used. 

15. Show that the coefficient of performance of a refrigeration machine, defined 
as the ratio of the heat absorbed by the refrigeration fluid at the low temperature T» 
to the work done by the compressor on the fluid, is T2/(71 — T2) for reversible 
operation. The cycle consists of absorption of heat by the fluid in the evaporator 
at 7's, reversible adiabatic compression which raises the temperature to 7, rejection 
of heat in the condenser at 7, and reversible adiabatic expansion which lowers the 
temperature to J. How much work must be done in a refrigerating machine, oper- 

ating in a Carnot cycle between 0 and 25°, in order to freeze 100 kg of water? 
~ 16. Calculate the change in entropy of a mole of water when it is cooled at 1 
atm from vapor at 200° to liquid at 25°. C> for steam = 7.00 + 0.002777, C, for 
water = 18, and heat of vaporization = 539.7 cal per gram. 

17. Calculate the differences between the atomic entropies of Hg (J) and Hg (s) 
at —50°. The melting point of Hg is —39°, and the heat of fusion is 560 eal per 
gram-atom. The heat capacity per gram-atom of Hg (J) may be taken as 7.1-0.00167 
and that of Hg (s) as 6.4 cal per degree. 

18. (a) Calculate the external work done against the atmosphere when 1 mole of 
toluene is vaporized at its boiling point, 111°. The heat of vaporization at this 
temperature is 86.5 cal per gram. 

For the vaporization of 1 mole, calculate (6) g, (c) AH, (d) AE, (e) AF, (f) AA, 
(g) AS. 

19. Calculate (a) w, (b) AA, and (c) AF when one mole of liquid water is evaporated 
at its boiling point 100° at 1 atm and then expanded in its vapor state from 30.5 to 
50 liters at 100°. ; 

20. A thermodynamic system goes through a cycle consisting of two steps. In 
the first. step 1000 joules of work is performed by the system on the surroundings, 
and 500 cal of heat is absorbed by the system. In the second step 700 joules of work 
is done on the system. How much heat is absorbed by the system in the second step? 

21. One mole of an ideal gas in 22.4 liters is expanded isothermally and reversibly 
at 0° to a volume of 224 liters and 7/5 atm. 

Calculate (a) w, (6) q, (c) AH, (d) AF, (e) AS for the gas. 

One mole of an ideal gas in 22.4 liters is allowed to expand irreversibly into an 
evacuated vessel such that the final total volume is 224 liters. 

Calculate (f) w, (g) gq, (h) AH, (i) AF, (j) AS for the gas. 

Calculate (k) AS for all the systems involved in (e) and (J) AS for all the systems 
involved in (J). 

22. Discuss the advantages and disadvantages of using diphenyl instead of water 
for an engine. Diphenyl boils at 254.6° and melts at 70.5°. 
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23. An ideal gas expands isothermally and reversibly from a state of py and vy 
to a state of pg and ve. Calculate the work done by the gas and also the fo dp term. 


What is the change in the product of p and v? 
An actual gas which obeys the relation p(v — b) = RT, where 6 is a constant, 
under certain conditions expands isothermally and reversibly from a state of p; and 


v1 to a state of po and ve. Calculate the work done and also the term | vdp. What is 


the change in the product of p and v? What general conclusion can be drawn from 
these results? 

24. A system at a temperature of 300° K, under a constant pressure of 1 atm 
and occupying a volume of 2 liters, is heated to a temperature of 400° K. During 
the heating, the system absorbs 10 cal per degree rise in temperature. The system 
occupies a volume of 3 liters at 400° K. Calculate (a) AH, (6) AH, (c) AS for the 
system. 

25. A 2-liter container at 0° contains H2S (assumed to be an ideal gas) at 1 atm 
pressure. The gas is heated to 100°, the external pressure remaining 1 atm. Cal- 
culate (a) the heat absorbed, (6) the work done, (c) AE, (d) AH, and (e) AS. For 
HS, Cp = 7.15 + 0.003327. 


26. (a) Calculate the least work which would have to be performed in order to 
extract 100 cal of heat from an ice bath at 0°, when the surroundings are at 25°. 

(b) How much heat at 25° could be obtained from the ice bath on the expenditure 
of 10 cal of work? 

27. For a reversible process the net AS for all systems involved is equal to zero. 
Show that in an isothermal process the net AA for all systems involved is also equal to 
Zero. 

28. An isothermal irreversible process takes place at 300° K so that the net gain 
in entropy for all systems involved is +10.0 entropy units. Calculate the minimum 
amount of work which would have to be transformed into heat at 300° K to restore 
the systems involved to their previous state. 

29. One-half mole of an ideal monatomic gas initially at 25° and occupying a 
volume of 2 liters is allowed to expand adiabatically against a constant pressure of 
1 atm until external and internal pressures are equal. The gas is then compressed 
isothermally and reversibly until its volume is 2 liters at the lower temperature. 
Calculate (a) g, net heat absorbed, (b) w, net work done, (c) AE, (d) AH, and (e) AS. 


CHAPTER IX 
THE LIQUID STATE 


Theory of Liquids. A liquid has no definite shape, but it does retain 
a definite volume under given conditions. The distance between mole- 
cules is much less in liquids than in gases, as illustrated by the fact that 
a mole of liquid water at 100° occupies 18.8 ml, but when vaporized it 
occupies about 30,200 ml at 1 atm pressure. This closer proximity of 
molecules in the liquid state and a corresponding restriction of their 
movements result in a lesser fluidity and make the effect of pressure and 
temperature much less in the case of a liquid than a gas. 

The internal energy in the vapor state is greater than in the liquid 
state because it is necessary to supply energy in order to overcome the 
force of attraction which holds the molecules close together in the liquid. 

A liquid may be regarded as a condensed gas or as a melted solid, and 
each point of view is important. The theory of liquids is in a much less 
satisfactory state than the theories of gases and crystals, but important 
progress is being made in our understanding of the structure of liquids.* 

At any instant liquids do possess something analogous to a definite 
arrangement between neighboring molecules as shown by the patterns 
they exhibit when X-rays are passed through them. Moreover they re- 
quire the expenditure of energy when one layer of liquid is forced past 
another. These facts and many more seem to be explained best on the 
hypothesis that the molecules are squeezed together by their own forces 
of mutual attraction but that each molecule has a free volume surround- 
ing it, in which it behaves effectively as an ideal gas. In a solid the mole- 
cules cannot move from one place to another, but in a liquid they can, 
provided that a small amount of energy is supplied. The thermo- 
dynamic properties of a liquid, such as vapor pressure, specific heat, and 
entropy of fusion, can be expressed in terms of this free volume. 

Liquefaction of Gases. More than a century ago, Faraday liquefied 
practically all the gases which condense at moderate pressures and not 
too low temperatures. He inverted a sealed-off U tube and heated one 
end while the other was immersed in a freezing mixture. Thus, when 
crystals of chlorine hydrate were heated in this tube, the liberated chlo- 


* Hirschfelder, The Structure of Liquids, J. Chem. Education, 16,540 (1939) ;Frenkel, 
“The Kinetic Theory of Liquids,’’ Clarendon Press, 1946. 
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rine gas was put under such a high pressure that it condensed to a yellow 
liquid in the cold end of the tube.” 

In 1834 Thilorier liquefied carbon dioxide in rather large amounts and 
observed that the evaporating liquid became sufficiently cold to freeze. 
He was able to obtain a temperature of —100° C by placing a mixture of 
solid carbon dioxide and ether under reduced pressure. 


Linde Claude 


Fra. 41. The liquefaction of gases. 


The following vrinciples are involved in the liquefaction of gases: (1) 
the gas must be below its critical temperature; (2) the pressure must be 
great enough to cause liquefaction, and the lower the temperature the 
lower is the required pressure; (8) the incoming gas is cooled by the out- 
going gas which has been cooled by expansion; (4) the gas is cooled by 
doing external work in an engine; and (5) it is cooled by expanding 
against the force of attraction between the molecules as explained in the 
discussion of the Joule~Thomson effect. 

Air was first liquefied in large quantities in 1895. The operating prin- 
ciple of the Linde process and the Claude process are indicated in Fig. 41. 


168 THE LIQUID STATE 


In both processes the gas is compressed in a pump shown at A and passed 
through a coil in B which is cooled with a refrigerant such as liquid am- 
monia, and, then, after further cooling in C and D, it is forced through a 
small opening Z where it falls to atmospheric pressure. This large ex- 
pansion causes a marked cooling, and the cold gas passes up around the 
gas in the coils and cools them still further. This cooling of the incoming 
gas by the colder outgoing gas continues until finally the gas leaving the 
jet E is so cold that the additional cooling from expansion causes a part 
of it to licuefy and fall to the bottom of the container where it is drawn 
off and stored in vacuum-jacketed vessels. 

The Linde process makes use only of the cooling due to this expansion 
of air against molecular attraction, and in spite of its extensive use it is 
inefficient from a theoretical standpoint. In laboratory units it operates 
at about 200 atm and produces nearly a liter of liquid air per kilowatt- 
hour. 

Instead of allowing the energy of compression to be wasted by free 
expansion into the atmosphere, as is done in the Linde process, the 
Claude process conserves some of it by passing a large fraction of the 
compressed gas through an engine W. The work done by this engine 
helps to operate the compressor A, and so the total power consumption is 
reduced. After doing work in the engine W, the gas is colder and serves 
to cool further the rest of the gas which is passing through the coils in 
chamber C. Still further cooling preparatory to expansion and liquefac- 
tion takes place in chamber D. Although this process is much more 
efficient than the one in which none of the energy of compression is re- 
covered as useful work, there are practical difficulties in operating an 
expansion engine at low temperatures, because of the problem of lubrica- 
tion and unequal thermal expansion of the moving parts. 

The liquefaction of gases finds extensive application. Ammonia, 
sulfur dioxide, methyl chloride, and Freon (CFCl,) are among the gases 
used in refrigeration. A gas suitable for refrigeration should have suit- 
able boiling and freezing points, a high critical temperature, and a large 
heat of vaporization. It should be stable, nonpoisonous, and inex- 
pensive. 

Solid carbon dioxide, known as “dry ice,” is also much used as a re- 
frigerant and as a substitute for ice. It is lighter than ice. It leaves no 
water or objectionable residue on being heated, and it can be kept in 
small containers for several hours. When foods are frozen very rapidly 
by means of ‘‘dry ice,” their texture is preserved. A vacuum bottle of 
dry ice in acetone gives a convenient mixture at about —80° C for lab- 
oratory experimentation. 

Many gas mixtures can be separated by liquefaction. The fractional 
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distillation of liquid air is the chief source of commercial nitrogen and 
oxygen. If the cost of liquefying air could be reduced, many new uses 
for oxygen would arise, particularly in blast furnaces and combustion 
operations involving the production of high temperatures. Oil-oxygen 
furnaces might replace electric furnaces, for example, in the production 
of caicium carbide. The use of oxygen has expanded already to such an 
extent that cheap oxygen is now transported in large insulated tank cars 
and tank trucks. 

The production of liquid oxygen at $2.75 per ton has been considered 
in developing large-scale operations. Small-scale units for liquefying air 
have been developed recently.* 

Through the use of oxygen instead of air it is possible to eliminate nitro- 
gen from combustion processes. In this way coal and organic matter 
can be converted into carbon monoxide by a continuous process; or with 
steam into carbon monoxide and hydrogen. These gases are finding ex- 
tensive use in the production of synthetic gasoline and may eventually 
lead to a more economical use of coal at the mine. 

The rare gases of the atmosphere, neon and argon, used in electric 
lamps, can be recovered as by-products in the liquefaction of air. For- 
merly regarded as laboratory curiosities, they now find wide use in 
electric lighting—neon in high-voltage colored lights and signs, and argon 
in tungsten-filament lamps. 

The removal of moisture from air by passage through tubes in a re- 
frigerating bath, the recovery of helium from natural gas, and the 
production of liquid propane in tanks for household cooking are among 
the many industrial applications of the liquefaction of gases. The im- 
portant laboratory investigations of specific heats at low temperatures 
are dependent on liquid air, liquid hydrogen, and liquid helium. 

Vapor Pressure of Liquids. According to the kinetic theory there is a 
continuous flight of molecules from the surface of a liquid into the free 
space above it. At the same time molecules of gas or vapor f return to 
the surface of the liquid at a rate depending on the concentration of the 
vapor. Eventually, a condition of equilibrium is established between 
the liquid and its vapor, when the rate of escape is exactly equal to the 
rate of condensation of vapor. The vapor is then said to be saturated. 
The pressure exerted by vapor which is in equilibrium with the liquid is 
known as the vapor pressure. The equilibrium between a liquid and its 
vapor is dependent on the temperature. For every temperature below 


* Keyes, Chem. Rev., 39, 449 (1946). 

+ A vapor is generally defined as an easily liquefiable gas as distinguished from 
permanent gases such as nitrogen and hydrogen which must be cooled far below room 
temperature before becoming liquid at atmospheric pressure. 
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the critical temperature, there is a certain pressure at which vapor and 
liquid may exist in equilibrium in all proportions; and, conversely, for 
every pressure below the critical pressure, there is a certain temperature 
at which vapor and liquid may exist in equilibrium in all proportions. 
In the special case where the pressure is 760 mm, this temperature is the 
standard boiling point of the liquid. The vapor pressure of a liquid is a 
constant quantity at any temperature and is independent of the amounts 
of liquid and vapor present, but it increases as the temperature is raised. 
Table I gives the vapor pressure of several typical liquids from 0 to 100°. 
These data are plotted in Fig. 42 on rectangular coordinates, and in 
Fig. 43 the logarithms of the vapor pressure in millimeters are plotted 
against the reciprocals of the absolute temperature. The reciprocals of 
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Fie. 42. Vapor-pressure-temperature curves for seven common liquids. 
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TABLE I 


Varor Pressures oF Liquips In MILLIMETERS OF MERCURY 


Water 


4.58 
9.21 
17.54 
31.82 
55.32 
92.51 


Ethyl 


Ether 


185. 
7AM 
442 
647. 
921. 
1277.0 


wows Now 


Ethyl 
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257 115.6 
386 184.8 
564 282.7 
802 A215 
1113 612.6 
1512 866.0 
1200.0 


Ethyl 
Acetate 


24.2 
42.8 
72.8 
118.7 
186.3 
282.3 
415.3 
596.3 
832.8 
1133.0 
1520.0 


Ethanol | n-Octane 


12.2 BG 
23.6 5.6 
43.9 10.4 
78.8 18.4 
135.3 30.8 
222.2 49.3 
352.7 77.5 


Log vapor pressure in mm. 


28 


29 No anit 32 
1/T x 104 
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Fig. 438. Log p vs 1/T curves for the liquids shown in Table I. 
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the absolute temperature have been multiplied by 10* for convenience 
in plotting. Thus, 0° or 273.1° K gives for 1/T a value of 0.00366 or 
36.6 X 10~* as shown at the extreme right. 

These graphs follow as a first approximation the equation, 


A 
Ce Pee (1) 


where p is the vapor pressure and A and B are constants. 


Example 1. Draw the best straight line through the points obtained by plot- 
ting log vapor pressure of iodobenzene against the reciprocal cf the absolute 
temperature. At 70° the vapor pressure is 13.65 mm, at 110° it is 73.88, and 
at 170° it is 479.7 mm. 

(a) Find the equation for this straight line. 


A 
logp=7tB 


A = slope = —2.370 X 103 
B = y intercept = 8.041 


— 2370 


log p = + 8.041 


(b) Calculate the vapor pressure at 0°. 


— 237 


log P = 73 


vas 8.041 = —0.637; p = 0.231 mm 


(c) Calculate the boiling point, that is, the temperature at which the pressure 
is 760 mm. 


log 760 = en 


+ 8.041 


2370 
Te SS SSeS ° = S 
8.041 — log 760 459.3° K = 186.2° C 


Measurement of Vapor Pressure. The boiling temperatures of a 
liquid may be determined at various pressures using a vacuum or pres- 
sure pump to change the pressure and a manometer to measure it. The 
thermometer is not immersed in the liquid, because the liquid may be- 
come superheated. It is supported so that the vapor condenses on it and 
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bathes the thermometer bulb with liquid, which is in equilibrium with 
the vapor at the measured pressure. In another method the liquid is al- 
lowed to drip slowly over the thermometer bulb while it is heated by the 
condensation of vapor. There is no danger of superheating the liquid 
above its normal boiling temperature if the heat is supplied only by the 
condensing vapor. Care must be taken to insure that all dissolved air or 
other gas is boiled out before the measurements are taken; otherwise the 
total pressure as measured by the manometer will be larger than the true 
pressure of the pure vapor. 

The gas-saturation method is an accurate and convenient method for 
determining the vapor pressure of a liquid. A current of pure dry air 
or other gas is bubbled slowly through a weighed amount of the liquid 
whose vapor pressure is to be determined. The liquid is maintained at 
constant temperature, and its loss in weight is measured. The vapor 
may be removed from the gas stream in an absorption tube and weighed, 
or the liquid in the vessel may be weighed before and after. In passing 
through the saturating vessel the air absorbs an amount of vapor di- 
rectly proportional to the vapor pressure of the liquid. The accuracy of 
this method depends, of course, on having the gas completely saturated 
with vapor, and, in order to give ample contact with the liquid, the gas 
is often passed through two or more vessels of liquid in series. 

If v is the volume which contains g grams of the vaporized liquid 
having the molecular weight M, and p is the pressure of the vapor in 
equilibrium with the liquid at the temperature 7’, then the vapor pres- 
sure p of the liquid is calculated from the ideal-gas laws by the formula, 


Leon 
pv = fae 
or 
ae RT (2) 
Mov 


For approximate calculations the volume v occupied by the vapor 
may be taken as the volume of the dry air measured before it becomes 
saturated with the vapor. For more accurate calculation or for high 
vapor pressures, allowance must be made for the fact that the total 
volume of the gases is increased by the introduction of the vapor. The 
volume », of both air and vapor through which the vapor molecules are 


where v’ is the volume of the pure air before 


distributed, is v’ 
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saturation, P is the barometric pressure, and p is the vapor pressure of 
the liquid. Then, 


: 
(3) © 


Mv'P 
Example 2. When liquid bromobenzene was vaporized at 30.0° by passing 
20.00 liters of dry air through it, the loss in weight of the liquid was 0.9414 g. 


The barometric pressure was 760 mm. The molecular weight is 157.0. Approx- 
imately, what is the vapor pressure at this temperature? 


g RT 0.9414 X 0.08205 X 303.1 
= = = a 4 t 
aes bre 157.0 X 20.00 CTS 


p = 0.00746 X 760 = 5.67 mm 


More exactly, what is the vapor pressure, if equation 3 is used? 


0.00746 
p = ——— = 0.00740 atm 
C2 0.00746 


1 
p = 0.00740 X 760 = 5.62 mm 


The difference between the use of equation 2 and equation 3 is much more 
pronounced with materials of high vapor pressure. 


The Clapeyron Equation. The theoretical explanation of the em- 
pirical relation between vapor pressure and temperature was developed 
by Clapeyron in 1834. Consider a liquid in equilibrium with its vapor 
at a temperature T and a pressure equal to the vapor pressure p at that 
temperature. If some of the liquid is vaporized at this equilibrium pres- 
sure and temperature, by equation 36 of Chapter VIII, 


AF =0 


Since the free energy of the whole system does not change in this case, 
the decrease in free energy of the liquid phase due to the loss of a given 
weight of liquid, 1 g, for example, must equal the increase in free energy 
of the vapor phase due to the gain of 1 g of vapor. 
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Representing the free energy of 1 g of the liquid by Fj, and that of 1 g 
of the vapor by F»2 under these conditions, we may write for the previous 
equation, 

F igs F. 2 (4) 
If the temperature is raised to T + dT, the pressure must be increased 
to p + dp, the vapor pressure at this higher temperature, in order for the 
two phases to be in equilibrium. Under these conditions the free energy 
of 1 g of the liquid and of 1 g of the vapor will be F; + dF, and F, + dF, 
respectively, and, since the change in free energy of the system must be 
zero for vaporization of the liquid at this equilibrium pressure and tem- 
perature, 
F, + dF, = F2 + dF 
Therefore, subtracting equation 4 gives 
dF, = dF, (5) 
By differentiating equation 31 of Chapter VIII, 


Py = Ey +-pyy, — TS 
we obtain 
dF, = dE, + p; dv, + v; dp; — T, dS; — 8, dT, (6) 


For a reversible process, 
dq = T dS 


and by the first law of thermodynamics, 
dE, = dq — dw = T, dS; — p, dv; 
Substituting for dH, in equation 6, we have 
dF, = vy, dpy — 8, dT, (7) 


This. relation gives the increase in free energy of 1 g of the liquid when 
the pressure is increased by dp, and the temperature by dT; v, is the 
volume and S, the entropy of the given weight of liquid at pressure p, 
and temperature 7. A similar equation holds for the vapor: 


dF, == dps — So dT, (8) 


The subscripts on dp and dT’ may be dropped in equations 7 and 8 
since the temperature and pressure of the two phases are the same. 
Setting these two equations equal as justified by equation 5 gives 


v, dp — S, dT = ve dp — SgdT 
or, on rearranging, 
dp So = Si 


= 9 
dT Ons U (9) 
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Also, we have | 
l ; 
Soon, = - (10) 


where I is the heat of vaporization of a gram of the liquid at this tem- 
perature and pressure. Substituting from equation 10 into equation 9, 


we obtain the Clapeyron equation: 
¢ 


dp l (11) 


aT + T (ve — V1) 


This equation gives the rate of change of the vapor pressure of a liquid 
with temperature, dp/dT, in terms of the heat of vaporization 1, volume 
v,; of the liquid, and volume v2 of the vapor at the temperature 7 and 
pressure p. The quantities J, v,, and v2 all apply to the same weight of 
material. 

In using this equation it is necessary to have the units consistent; 
that is, the heat term must be expressed in the same units as the product 
of pressure and volume change. If the pressure is given in atmospheres 
and volume in liters, the heat may be expressed in liter-atmospheres 
(1 cal = 0.04129 l-atm); or the pressure may be converted into dynes 
when the heat is expressed in ergs. 


Example 8. What is the rate of change of the vapor pressure of water at 
100°? The heat of vaporization is 539.7 cal per gram, the specific volume, 
that is, the volume occupied by 1 g of liquid water is 1.043 ml, and the specific 
volume of steam is 1677 ml, all at 100° C and 1 atm. (cal X 0.04129 = liter-atm.) 


dp ___-539.7 X 0.04129 
dT 373.1(1.677 — 0.00104) 


= 0.0356 atm per degree 


760 X 0.0356 = 27.1 mm per degree 


A formula of the same form as equation 11 may be obtained for the 
equilibrium between a solid and its vapor or between a pure solid and 
pure liquid. In the latter case dp/dT gives the change in pressure neces- 
sary to change the melting point by dT’; | represents the heat of fusion 
per gram; v2 is the volume of a gram of the liquid; and 2, is the volume 
of the same weight of solid. 


Example 4. Calculate the change in the freezing point of water produced by 
an increase in pressure of 1 atm. At 0° the heat of fusion of ice per gram is 
79.7 cal or 3.291 l-atm, the density of water is 0.9998 g per milliliter, and the 
density of ice is 0.9168. The reciprocals of the densities, 1.0002 and 1.0908, are 
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the volumes in ml of 1g. They are divided by 1000 to give liters. For small 
changes in temperature we may replace dp/dT by Ap/AT. Then, 


Ap 3.291 
AT — 273.1/ 1.0002 1.0008, — \°> *"™ Per degree 
1000 ~ 1000 


In words, 133 atm is the pressure required to ORE the freezing point of water 
1°; and the reciprocal, 


AP = =| 

i ae —0.0075° per atmosphere 
shows that an increase in pressure of 1 atm lowers the freezing point 0.0075°. 
The negative sign indicates that an increase of pressure causes a decrease in 
temperature, a relation which follows by Le Chatelier’s theorem from the fact 
that the specific volume of ice is greater than that of water at the freezing point. 


The Clausius-Clapeyron Equation. Clausius showed how the 
Clapeyron equation may be simplified by assuming that the vapor obeys 
the ideal gas law. If 1 mole is taken instead of 1 g, V2 is the volume of 1 
mole of vapor, V; is the volume of 1 mole in the liquid state, and AH,,,, 
is the molar heat of vaporization (molecular weight X 1). Furthermore, 
V, may be considered negligible in comparison with V2; for example, 
V, for water at 100° is 18.8 ml, and V2 is 30,200 ml. For V2 may be sub- 
stituted its equivalent RT/p. Then, 


dp Al res DRT an, 
AT UG Sa) Te 


On rearrangement this becomes, 


Lidp — AB vay, (12) 
ainy Bre 
or, 
dinp AH,,, a3 
dT RT? ) 


Since FR is a constant, integrating on the assumption that AH,,,, is a 
constant yields 


Inp= — we + C (14) 


where C is the integration constant. This is the equation of a straight 
line, and, when In p is plotted against 1/T, a straight line results, the 
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slope of which is numerically equal to —AHyap,/R. When logarithms 
to the base 10 are plotted, the slope is — AHy,),/2.303R. The theoretical 
justification for the empirical relation given in equation 1 is now ap- 
parent. 

The slope of the line can be used for calculating the heat of vaporiza- 
tion, thus: 


AH», (in calories) = —(slope of line X 2.303 X 1.987) (15) 


Frequently, it is more convenient to use a formula obtained by in- 
tegrating between limits, po at T2 and p,; at Tj, as follows: 


P2 
iH dln p 
Pl 


Ed gs 1 1 | 
ae a aS rae) 


p2 AHS Cle i 
log — 


pi 2.303 X 1.987 X T2 X Tr 


ll 
—, 
8 
> 
by |S 
& 
S 
hs 
Qu 
| 


(16) 


Using this equation it is possible to calculate the heat of vaporization 
from the vapor pressures at two different temperatures; and, if the heat 
of vaporization and the vapor pressure at one temperature are known, 
the vapor pressure at any other temperature may be calculated. Any 
units of pressure may be taken as long as they are the same units for 
both pressures, and any units of heat may be used as long as AH,,p. 
and F are taken in the same units. 

The unintegrated expression is most convenient in correcting boiling 
points for barometric fluctuations. For small changes in pressure the 
change in boiling point with pressure is given approximately by the 
formula 
AT RY? 
Ap AH. yap.D 


(17) 


Since this formula for calculating the heat of vaporization was derived 
on the assumption that the vapor behaved as an ideal gas, the results 
obtained by its use are no more accurate than the calculations involving 
the formula, pv = nRT. 

Another approximation is involved in the assumption of the con- 
stancy of the heat of vaporization. If the data are sufficiently exact 
and the temperature range sufficiently great, it will be seen that the 
lines are not exactly straight. The lines would be straight if the heat 
capacities of the vapor and liquid were both the same and the vapor an 


- TEE ceemnbnoumanmered 
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ideal gas. Under such conditions the heat of vaporization and the slope 
of the line would be constant. When the line is curved, it is possible to 
determine the heat of vaporization at any temperature by drawing a 
tangent to the curve at that temperature. In general, the slope of the 
log p versus 1/T line becomes steeper, that is, the heat of vaporization 
becomes greater at the lower temperatures where more energy is re- 
quired to pull the molecules apart and put them into the gas phase. 

A more exact equation may be obtained by the addition of another 
term, thus: 


A 
log p = e + Blog T + constant (18) 


The vapor pressure of a large number of substances can be represented 
by this formula, even up to the critical temperature, with only small 
errors. The evaluation of the three constants from data at three tem- 
peratures by solving simultaneous equations requires accurate com- 
putations. 


Example 5. Uf it is assumed that vapor follows the ideal gas law, show that 
equation 18 can be derived from thermodynamics, and state the physical sig- 
nificance of the constant B. 


i. Te 
AHvap, = AH cap. + (Crap. — Cia.) AT = AH" sap. + ACp if aT 
0 0 
= AH yap, + ACT 


where AH,,,, is the molar heat of vaporization at temperature 7’, and C, is the 

heat capacity at constant pressure, which is independent of temperature. The 

constant AH®,.,, is a hypothetical heat of vaporization at absolute zero. 
Substituting into equation 13 yields 


ing me Ning, AH vats (Cp) EAL van fs AC; 
LT PORTO RT? RT RT 
—A BD yap. 


log p = 5303RT + a log T + constant 

The constant B in equation 18 then is equal to the difference between the 
heat capacity of the vapor and liquid at constant pressure, divided by the gas 
constant. This conclusion is only an approximation because the deviations 
from the ideal gas laws still introduce an appreciable error which is not corrected 
in this derivation. 


There are several useful relations of semiempirical character which 
give the vapor pressures of liquids at different temperatures. It may 
be noted that in Fig. 43 the lines seem to be getting closer together at 
the higher temperatures, that is, at the smaller values of 1/7’. An ideal- 
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ized graph is shown in Fig. 44 where all the liquids tend to come to a 
point at infinite temperature, although, of course, the critical temper- 
atures would be reached long before, and so this hypothetical point has 
no practical importance. At infinite 
temperature there would be no inter- 
molecular forces, and all the liquids 
would tend to behave alike, and all 
gases would approach the ideal be- 
havior. The different liquids have 
different heats of vaporization and 
somewhat different slopes, but the 
lines are all of the same general char- 
acter. If one draws horizontal lines 
at two definite vapor pressures p’ and 
p which are not too far apart, there 
4 is a rough proportionality in the tem- 
peratures, as one would expect when 
i two parallel lines intersect a series of 
pressure curves extrapolated to “in- ; 

finite temperature” on alog pvs(1/T) lines whose slopes are of the same 
plot. order of magnitude. Thus, the vapor 
pressure log p is reached by liquid A 
at temperature 74 and by liquid B at 73; log p’ is reached by liquid 

A at T’, and by liquid B at T’z. Then, 


Fra. 44. Hypothetical graph of vapor- 


15 Ta 
De Pe 
or 
T'3 
Ihix Be L 
Bp, Ts 


This relation is known as Duhring’s rule, and it is useful for estimating 
approximately the vapor pressures at various temperatures for any 
liquid B if the vapor-pressure-temperature data are available for a 
reference liquid A. 


Example 6. Benzene boils at 80° and n-hexane at 69°. Benzene has a vapor 
pressure of 74.7 mm at 20°. At what temperature does n-hexane have a vapor 
pressure of 74.7 mm? 


= $53 X 293 = 284° K = 11°C 


Erehesank: 74.7 mm 


The experimentally determined temperature is 10° (Table I). 


The same principle can be applied in estimating solubilities and 
several other physical-chemical properties which show a straight-line 
relationship when the logarithm of the property is plotted against the 
reciprocal of the absolute temperature. 
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Graphical methods making use of Duhring’s rule are available. The 
vapor-pressure curve of one reference liquid must be known. Rather 
exact vapor-pressure relations which are useful for industrial work par- 
ticularly in the distillation of petroleum, have been reviewed and de- 
veloped by Watson. * 

A practical nomograph is available + for correcting boiling points for 
pressure with an accuracy of 0.25° or 2mm pressure. A straightedge is 
laid across two scales and across a point which is located for each liquid. 
These points, dependent in a theoretical way on the heats of vaporiza- 
tion, are located for nearly 200 organic liquids, and new points for other 
liquids can be located when vapor-pressure data are available. There 
are other empirical rules for converting boiling points of a liquid to the 
standard boiling points at atmospheric pressure. They depend on the 
Clapeyron equation and on an empirical rule for the heat of vaporization 
which is discussed in the fol- 
lowing section. 

Empirical Vapor Relation- 
ships. At higher temperatures 
the density of the liquid be- 
comes less, but the density of 
the saturated vapor in equilib- 
rium with the liquid becomes 
' greater. The higher vapor 
pressure is responsible for the 
increased vapor density. The 
two densities approach each 
other and become equal at 
the critical temperature. The 
mean of the densities of any 
substance in the liquid and 


tates, when plotted 
wee es ‘ ae t Fic. 45. Densities of liquid and saturated 
against the correspon ns eine vapor of CCl:F2 showing equality of the two 
perature, lies on a straight at the critical temperature. 


line. The behavior is indicated 
by the graph shown in Fig. 45.[ This relation, pointed out first by 
Cailletet and Mathias, is expressed mathematically in equation 19, 


di ie Ga 


Critical Point 


Temperature (°C ) 


* Density (grams per ml) 


Apis B (19) 


* Watson, Ind. Eng. Chem., 23, 360 (1931). 

+ Germann and Knight, Ind. Eng. Chem., 26, 467 (1934). 

{ From measurements of Bichowsky and Gilkey on CCloF2, Ind. Eng. Chem., 23, 
365 (1931). 
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where d; and d, are the densities of the liquid and saturated vapor, re- 
spectively, and A and B are constants. The relation is useful in deter- 
mining the value of the density of the liquid at the critical temperature, 
a quantity which frequently cannot be measured directly. The critical 
volume calculated in this way can be used in evaluating some of the 
constants in equations of state for gases. 

A rough relationship was given in Table II of Chapter II, where it was 
seen that the standard boiling point (that is, the temperature at which 
the vapor pressure becomes equal to 1 atm) is equal in many cases to 
about 0.6 or two thirds of the critical temperature both expressed in 
absolute temperatures. In this way a very approximate estimate of the 
critical temperature can be obtained from the boiling point of a given 
liquid. 

Another empirical rule for liquids enables one to estimate the heat of 
vaporization of a liquid from the temperature at which the liquid boils. 
According to Trouton’s approximate relation, if 7 denotes the standard 
boiling point, and AH,,,, the heat of vaporization of 1 mole of liquid, 


then, = (2 
A 
—*" = 21 cal deg! mde! (20) 


In words, the ratio of the molar heat of vaporization to the absolute 
boiling temperature of a liquid is constant, approximately 21. The re- 
lation is shown over a wide range of temperature in Table II. 

TABLE II 


HEATS OF VAPORIZATION 


Boiling | ¢al/ eee 2p. Boiling | gay/ ae 

ee gram. | cal/deg/ paca gram | cal/deg/ 

mole mole 

CH, —161.4 | 138.2] 19.8 || H.O 100.0 | 589.7 | 26.1 
HCl 85.0] “98:7 | 19.2° WEES —59.6 | 132 21.1 
(C2H;)20 34.6 | 83.9] 20.2 || NH —33.4.| 327 23.4 
CHCl 61.5 | 59.0) 21.0 || HF 17 361, 24.9 
CCL 76.7 | 46.5 | 20.4 ||CH;0H 64.7 | 263 24.9 
CeHe 80.2 | 94.4] 20.8 || C.H,OH 78.5 | 204 26.6 
SnCly 112 30.4} 20.5 || He —268.9 6 5.7 
CioHee 160 60.2 | 19.8 | He = 95917 7-108 10.6 
CsHsNO2 210 79.1 | 20.1 || CH;COOH 118-1 | “96.81, 14.8 
CioHs 218 75.5 | 19°F SO- =10.8"| -0429°|) 93 a 


Trouton’s empirical rule has some theoretical significance. The 
molar heat of vaporization divided by the absolute temperature gives 
the increase in entropy when a liquid is converted into a vapor. The 


ae 
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change from liquid to vapor leads to increasing disorder, that is, to more 
random motion of the molecules. The change of entropy is very small 
at the critical temperature because the liquid and gas are indistinguish- 
able. Accordingly, all liquids would have the same molar entropies of 
vaporization if measured at their critical temperatures. But it has been 
pointed out (page 18) that most liquids behave alike not only at their 
critical temperatures but at equal fractions of their critical temper- 
atures, and we have just seen that the standard boiling points of liquids 
are in many cases roughly equal fractions of the critical temperatures. 
Hence, different liquids should have about the same entropy of vapor- 
ization at their boiling points, provided that the molecules in liquid and 
vapor are the same and that no change is involved other than vapor- 
ization of the molecules. 

When, in addition to the normal force of attraction causing the va- 
porized material to liquefy, there are other forces which hold molecules 
tightly together in the liquid state, the heat of vaporization becomes 
abnormally large. Water, alcohols, ammonia, and other substances 
with large dipole moments (page 90) require an extra amount of energy 
for separation of the molecules into the gas phase. Hydrogen and 
helium, which boil only a little above absolute zero, might well be ex- 
pected to show large departures from this rule. Acetic acid and carbox- 
ylic acids, in general, are abnormal in that the vapor consists of double 
molecules. An examination of Table II shows that these substances do 
show marked deviations from the behavior predicted on the basis of 
Trouton’s rule. 

The extra attraction which exists between molecules with large dipole 
moments leads to abnormal behavior not only with respect to Trouton’s 
rule but also with respect to other physical chemical relationships which 
correlate the behavior of normal liquids—relationships involving such 
phenomena as surface tension, viscosity, heat capacity, vapor pressures, 
and behavior on mixing with other liquids. 

For ‘“normal”’ liquids, the molecules of which do not have particularly 
large dipole moments, example 7 gives an indication of the approxi- 
mation which may be expected. 


Example 7. The boiling point of n-heptane is 98°. Estimate roughly (a) the 
heat of vaporization per gram and (b) the critical temperature. M = molecular 
weight. 

AE yay ehd 2X 273+ 98) 


Ca sirt ab Lat 100 
3 3 X 371 

b ea 

(6) 5 5 


The experimentally determined heat of vaporization is 76.4 cal per gram, 
and the critical temperature is 266°. 


= 77.9 cal deg mole—! 


= 557° t, = 284° 
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Surface Tension. The surface of a liquid possesses special properties 
which are due to the unbalanced force of molecular attraction at the 
surface. The molecules at the surface are pulled inward by the other 
molecules of the liquid, and the liquid tends to adjust itself to give the 
minimum surface area. This fact ex- 
plains many common phenomena, in- 
cluding the spherical shape of rain- 
drops, the rise of water in a capillary 
tube, and the movement of water in 
blotting paper or in the soil. The sur- 
face tension of a liquid, vy, is the force 
: per centimeter on the surface of a 
Fic. 46. Illustration of the surface liquid which opposes the expansion of 

tension of a liquid. the surface area. This definition is 

illustrated in Fig. 46 where the force f 

is pulling on a movable bar against a liquid film which is stretched like 
a soap-bubble film on a wire frame. Then, 


_f 
gy 


where / is the length of the bar in centimeters, and the factor 2 is intro- 
duced because there are two liquid surfaces, 
one at the front and one at the back. 

Some liquids, like water, wet the walls of a 
glass capillary tube, whereas others, like mer- 
cury, do not. When a liquid wets the tube, 
the liquid adhering to the walls pulls the body 
of the liquid up, but when the liquid does not 
adhere, the liquid is depressed. In the first in- 
stance the surface of the liquid in the tube, 
called the meniscus, is concave to the horizontal 
plane. In the second it is convex. 

The most accurate method for determining 
the surface tension of a liquid consists in 
measuring the height to which it rises in a ye. 47. Rise of a liquid 
capillary tube. in a capillary tube. 

A capillary tube of radius 7, as shown in 
Fig. 47, is immersed in a vessel of liquid whose density is d. The liquid 
wets the tube, and the liquid rises. It continues to rise until the surface 
tension tending to pull the liquid upward is counterbalanced by the force 
of gravity pulling it downward. The height to which the meniscus rises 
at this equilibrium point is denoted by h. The meniscus is curved, and 


y (21) 


eee 


- Ia 
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the average height of the column of liquid is the significant quantity. 
In ordinary work the height to the bottom of the meniscus is taken, but 
it would be more exact to add to this height a factor equal to one third 
of the radius. Then the downward force = ar*hdg where g is the ac- 
celeration of gravity. 

The surface makes an angle 6 with the walls, and only the vertical 
component of this force is effective in pulling the liquid upward in the 
capillary. It acts along the whole length of the surface. Thus, the up- 
ward force is, 

2mrry cos 0 


Under stationary conditions at height h the upward and downward 
forces are equal, and 
Qrry cos 6 = mrzhdg 
or 
hdgr 


a 
2 cos 6 


(22) 


For many liquids including water, the angle of contact is very small, 
6 is nearly 0 and cos @ is practically 1. Then, 


y = ghdgr (23) 


Surface tension is expressed in dynes per centimeter. 

Surface tension can be measured quantitatively by various other 
means, including the pulling of a wire ring from the surface of a liquid, 
the weighing of drops which fall from a special glass tip, the determina- 
tion of the shape of a hanging drop, the reflection of light from ripples 
on the surface of a liquid, and the pressure required to blow gas bubbles 
in the liquid. When the liquid is in contact not with air or its own vapor 
but with an immiscible liquid, the interfacial tension may be quite dif- 
ferent. This property is important in colloid chemistry. 

The surface tension of a liquid decreases as the temperature rises, and 
the molecular agitation increases. At the critical temperature. when 
the liquid becomes indistinguishable from a gas, the surface tension 
should become practically zero. 

In attempting to obtain a quantitative relationship between surface 
tension and temperature, it is useful to consider the term y(M/d)”%, or 
(Mv), where M is the molecular weight in the gaseous state, d the 
density, and v the volume of 1 g. Then (M v)* is proportional to the 
surface area of a sphere of liquid containing 1 mole. 

Ramsay and Shields found that, for many liquids, 


y(Mv)* = k(t, — 6 — t) (24) 
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where ¢ is the temperature of the experiment, t, is the critical temper- 
ature of the liquid, and 6 is an empirical constant which tends to make © 
the data fit a better straight line. 
The constant k in equation 24 is found to have a value of 2.1 for 
many liquids. 
Example 8. Consider the dimensions of y and y(M v)4, | 
‘ 
i 


= dhdgr = cm'\(gram-cm~*)(cm-sec~*)em! = gram sec~? = dyne-cm~* 
2 
y (M i = (dyne-cm) (cm?) mole” = dyne-cm mole® 


This value holds for a large number of nonpolar liquids, such as car- 
bon tetrachloride, benzene, and many organic substances. For certain 
other liquids such as water or the alcohols or acetic acid, and polar liq- 
uids in general, k is found to have values considerably less than 2.1. 
The same liquids which have abnormal surface-tension behavior pos- 
sess heats of vaporization larger than are calculated by Trouton’s law. 
The surface tensions of a few common liquids, measured in air, at dif- 
ferent temperatures are shown in Table III. 


TABLE III 


Surrace TEeNnsion oF Liquips IN DYNES PER CENTIMETER 


Temp., XC H.O CCh CeHe CsHsNO2 C.2H;0H CH;:COOH 
0 75.6 29.0 31.6 46.4 24.0 29.5 
25 71.8 26.1 28.2 43.2 21.8 20 
50 67.9 23.1 25.0 40.2 19.8 24.6 
75 63.5 20.2 21.9 37.3 are ee 22.0 


Viscosity. Viscosity is the resistance which a liquid exhibits to the 
flow of one layer over another. Although it is possible to change the 
shape of any liquid by the application of force, the extent of this change 
of shape depends greatly on the magnitude of the force and the length 
of time of its application and on the viscosity of the liquid. The viscos- 
ity varies greatly from materials like heavy lubricating oils, to water 
and to liquids of low viscosity like benzene. 

The force required to slip one layer of a liquid past another with a 
definite velocity will depend directly on the viscosity of the liquid and 
on the areas exposed to each other and, inversely, on the distance sep- 
arating the two surfaces. 
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The unit of viscosity is the poise, named after Poiseuille who pioneered 
in the study of viscosity. It is a viscosity such that, when a force of 1 
dyne is applied to a region of the liquid having a surface area of 1 sq cm, 
it will slip past a parallel stationary region of the liquid 1 sq em in sur- 
face area 1 cm away, with a velocity of 1 cm per second. 

The viscosity 7 of a liquid can be determined directly in poises by 
passing a liquid through a tube of small diameter and making use of the 
following formula:* 

Prrtt 


8vl 


aS (25) 
where ¢ is the time required for v ml of liquid to flow through a capillary 
tube of length / and radius r under an applied pressure P. 

The quantitative measurement of absolute viscosity by this method 
is difficult. Accordingly, indirect measurements are usually made in 
which the viscosity of a liquid is determined relative to another liquid 
whose viscosity is already known. This determination of physical- 
chemical constants by making relative measurements and comparing 
them with similar measurements of a standard substance is a common 
procedure. The absolute measurements of the standard substance may 
well take years of research with expensive equipment and highly spe- 
cialized techniques, whereas the relative measurements can often be 
made quickly and easily and with a high degree of accuracy. Moreover, 
an ordinary attempt to obtain absolute measurements by direct means 
may be frought with serious inaccuracies. 

In the case of viscosities, the times required for two liquids to flow 
through a capillary tube may be determined under conditions where all 
the variables except the viscosities of the liquids are maintained the 
same. If a given volume of a liquid of viscosity n; and density d; takes 
t, seconds to flow through the capillary, and the same volume of a second 
liquid of viscosity nz and density dz takes tg seconds to flow through the 
same capillary, we have the following relation, 


moh 
n2 dole 
or 
dyt 
= 26 
m1 a 2 (26) 


From measurements of the densities and times of flow of the two liquids 
it is a simple matter to calculate the viscosity of the first liquid when 


* The derivation of this formula is given in specialized texts such as Barr’s ‘A 
Monograph on Viscometry,”’ Oxford University Press, Oxford, 1981. 
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that of the second is known. Quite commonly water is taken as the | 

reference liquid and at 25° n»2 has a value of 0.00895 poise. 
An instrument used for the determination of viscosities is called a 

viscometer. Several types of viscometers are indicated in Fig. 48. 


<— 


Fig. 48. Various types of viscometers. 


The viscosity of a liquid may be determined by measuring not only 
the time required for a measured volume of liquid to flow through a 
capillary tube but also the time required for a heavy sphere (ball bear- 
ing) to fall through a liquid. Or two disks may be placed in the liquid 
and measurements made on the torsional force produced on one by the 
rotation of the other; or the time required for a liquid in a cup to run out 
through a small hole in the bottom may be determined. 

The viscosity of liquids has been found to decrease about 2 per cent 
for each degree rise in temperature. Increase of pressure, on the other 
hand, causes the viscosity of liquids to increase, the change in viscosity 
being greater at higher pressures than at low. The viscosities of a few 
liquids at different temperatures are shown in Table IV. 


TABLE IV 


Viscosity oF Liqurps In Potsrs 


0° 25° 50° iow 
Water 0.01793 0.00895 0.00549 0.00380 
Ethanol 0.0179 0.0109 OOOGSSMS tae sae 
Benzene 0.0090 0.0061 0.0044 


The viscosity of an ideal gas would increase as the temperature in- 
creases. Viscosities of most liquids decrease. This fact suggests that 
the passage of one layer of liquid across another involves the migration 
from one large group of molecules to another. There is other evidence, 
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too, for the existence of molecular clustering in liquids. The tempera- 
ture effect on viscosity permits a calculation of the energy required for 
molecules to break away from these groups. Attempts have been made 
to treat the matter mathematically.* 

An empirical relation exists as follows, 


A 
Lala (27) 


where A and B are constants. 

Some properties are brought out best by considering the fluidity 
which is defined as the reciprocal of viscosity. It is a measure of the 
tendency of the liquid to flow, whereas 7 is a measure of the resistance to 
flow. The fluidities of mixtures of nonpolar liquids are in general addi- 
tive. Thus, 

= md, + nd2 (28) 


where m and n are the volume fractions of the two liquids. The vis- 
cosities of mixtures of associated liquids or liquids with large dipole 
moments which exhibit some interaction may give widely varying vis- 
cosities. In fact, mixtures of some liquids have viscosities greater than 
either pure liquid alone. 

Viscosity is an important property in both practical and theoretical 
work. In biology and physiology the viscometer has become an almost 
indispensable instrument for the study of the properties of blood and 
other animal fluids, and in the realm of technology it has been applied 
successfully to the solution of a wide variety of problems presented by 
the paint, rubber, glue, textile, and other industries. 

Viscosity is an important factor which must be considered in the de- 
sign of chemical-engineering equipment, because the cost of pumping is 
often considerable, and these costs depend greatly on the viscosity of 
the liquids or gases. The data given in Table IV and the derivation of 
the fundamental equation itself depend on the assumption that the liq- 
uid (or gas) is flowing slowly and gently, with one hypothetical layer 
slipping smoothly past another. When a fluid is forced rapidly through 
a tube or around curves or obstacles, as in industrial absorption towers, 
the flow of liquid or gas changes from smooth or laminar flow to tur- 
bulent flow, and, under this condition, the viscosity may increase greatly. 
This increase from normal to high viscosity due to turbulence may occur 
rather suddenly as the velocity is increased. 


* Glasstone, Laidler and Eyring, “Theory of Rate Processes,” McGraw-Hill Book 
Co., New York, 1940. 
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PROBLEMS 


1. Propene has the follcwing vapor pressures at the following absolute tempera- ° 
tures: 
EX(CIS) 150 290 250 300 
p (mm) 3.82 198.0 2,074 10,040 


Graph these data so as to obtain a nearly straight line, and determine the vapor 
pressure at 225° K. Ans. 740 mm. 

2. In an industrial operation 10,000 cu ft of air is blown through a chamber per 
minute. The air at 25° and 40 per cent relative humidity is dried by removal of the 
water in an adsorbing agent. Calculate how many kilocalories of heat will be required 
per hour to regenerate the adsorbing agent by evaporating the water (582 cal per 
gram). The vapor pressure of water at 25° is 23.7 mm. 1 cu ft = 28.316 liters. 

Ans. 90,600 keal. 

3. The heat of vaporization of ether is 88.39 cal per gram at its boiling point, 34.5°. 

(a) Calculate the rate of change of vapor pressure with temperature dp/dT’, near 
the boiling point. 
(b) What is the boiling point at 750 mm? 
(c) What is the vapor pressure at 36.0°? 
Ans. (a) 26.5 mm per degree. (6b) 341°. (c) 800 mm. 

4, The vapor pressure of solid benzene is 2.24 mm at —30° and 24.5 mm at 0°; 
and the vapor pressure of liquid benzene is 26.73 mm at 0° and 118.5 mm at 30°. 
Calculate from these data (a) the melting point of benzene and (6) the heat of fusion 


of benzene. Ans. (a) 5.8°. (6) 2366 cal/mole. 
5. From the data of the tables given in this chapter estimate the temperature 
at which methanol has a vapor pressure of 92.5 mm. Ans, 16°. 


6. Methanol has a surface tension of 22.6 dynes per centimeter and a density of 
0.79 at 20°. What is the radius of the largest capillary which will permit the liquid 
to rise 1.5 em? Ans. 0.0389 cm. 

7. If it takes 10 minutes to drain a capillary pipet at 25° when filled with water, 
how long will it take to drain it when it is filled with ethanol (density = 0.789)? 

Ans. 15.4 minutes. 


8. (a) How many tons of water can be evaporated from a square mile of land 
on a windy summer day, if it is assumed that the-limiting factor is the supply of solar 
heat which amounts to about 1.3 cal per minute per square centimeter for a 10-hour 
day? The temperature is 25°, the vapor pressure of water is 23.7 mm, and the heat 
of vaporization 582 cal per gram. One mile = 1.609 kilometers. 

(b) How many liters of air is required to hold this much water if the temperature 
is 25° and the barometer 740 mm? 
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9. Ten liters of air was bubbled through carbon tetrachloride at 20°. The loss 
in weight of the liquid was 8.698 g. Calculate the vapor pressure of carbon tetra- 
chloride by the approximate formula and by the more exact formula. 

10. (a) If 0.1 g of water is introduced into an evacuated 1-liter vessel at 100°, 
what will be the pressure in millimeters of mercury? 

(b) If 10 g of water is introduced into an evacuated 1-liter vessel at 100°, what 
will be the pressure in millimeters of mercury? 

11. A room 5 by 10 by 4 m is filled with air containing some water vapor. The 
temperature is 20°, and the relative humidity is 60 per cent. The vapor pressure 
of water at 20° is 17.836 mm. (The relative humidity is the partial pressure of water 
vapor divided by the vapor pressure of the liquid water.) How many grams of water 
are contained in the air of this room? 

12. A block of ice is placed in a lake of pure water, forced 100 ft below the surface, 
and maintained in a quiet steady position. What will be the temperature of the sur- 
face of the ice? Assume that the densities of the ice and water are not changed by 
the pressure. At atmospheric pressure the melting point of ice is 0°. The densities 
of ice and water are 0.9106 and 1.000, respectively. 

13. Calculate the vapor pressure of benzene CgH¢ at 25° from the knowledge of 
the boiling point and the heat of vaporization. 

14. The critical temperature of carbon tetrachloride is 283.1°. The densities in 
grams per ml of the liquid d; and vapor d, at different temperatures are as follows: 


ee 100° 150° 200° 250° 270° 280° 
dy 1.43438 1.3215 1.1888 0.9980 0.8666 0.7634 
dy 0.0103 0.0304 0.0742 0.1754 0.2710 0.3597 


What is the critical molar volume of carbon tetrachloride? 

15. Acetone has a density of 0.790 and rises to a height of 2.56 cm in a capillary 
tube having a radius of 0.0235 cm. What is the surface tension of the acetone at 
this temperature? 

16. Estimate (a) the critical temperature and (b) the heat of vaporization per 
gram of n-heptane C7Hi¢ from the fact that the boiling temperature is 98.4° at 1 atm. 
The density is 0.684. (c) Estimate the surface tension at 25°. 


17. The vapor pressure of 2,2-dimethylbutanol is given by the expression, 


—4849.3 
log p = eee 14.701 log T’ + 53.1187 


where 7p is expressed in millimeters of Hg. Calculate the heat of vaporization (a) 
at 25°, (b) at the boiling point, 136.7°. 

18. What is the boiling point of water on a mountain where the barometer reading 
is 500 mm? 

19. It is proposed to operate a large calcium oxide lined furnace at a temperature 
of 2100° C. The volatility of the calcium oxide, CaO, may be a difficulty. Air is 
blown continuously through the furnace at a rate of 1000 cu ft (28,320 liters) per 
minute (measured at 0° C and 760 mm pressure). Assuming that, if the sublimation 
pressure of the calcium oxide is large enough to give a loss of more than 5 kg per 
day, the process will be impractical, calculate the maximum permissible sublimation 
pressure (vapor pressure) in millimeters of the CaO, if the process is to be practical. 
Assume that the air becomes saturated with CaO vapor. 
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20. At 0° ice absorbs 80 cal per gram in melting; water absorbs 597 cal in vaporizing. 

(a) What is the heat of sublimation of ice at this temperature? 

(b) At 0° the vapor pressure of both ice and water is 4.6 mm. What is the rate 
of change of vapor pressure with temperature dp/dT for ice at this temperature? 

(c) Estimate the vapor pressure of ice and of liquid water at —5°. 

21. Liquid mercury has a density of 13.690 g per milliliter, and solid mercury 
has a density of 14.193 g per milliliter, both being measured at the melting point 
—38.87°C. The heat of fusion of Hg is 2.33 cal per gram. What are the melting 
points of mercury (a) under a pressure of 10 atm and (b) under 3540 atm? The 
observed melting point under 3540 atm is —19.9° C. 

22. The boiling point of n-butyl chloride is 77.96°. 

(a) Using this as the only experimental datum available, calculate the vapor 
pressure at 50°, and compare with that calculated from the empirically determined 
equation (in which p is expressed in centimeters): 


1763 
log p = — TT + 6.912 


(b) Caleulate the heat of vaporization per gram. 
23. The densities of vapor and liquid methyl ether at various temperatures are 
as follows: 
t 30° D0- 70° 100° w20R 
di 0.6455 0.6116 0.5735 0.4950 0.4040 
dy 0.0142 0.0241 0.0385 0.0810 0.1465 


If the critical temperature of this substance is 126.9°, what is its critical volume? 

24. The vapor pressures of ethyl chloride are 465 mm at 0° and 760 mm at the 
boiling point of 12.7°. Compare the heats of vaporization as calculated by the 
approximate equation using increments, with the more exact values obtained by 
integration. 

25. Estimate the critical temperature of benzene from the surface-tension data. 
The density of benzene at 25° is 0.879. 

26. Plot log of viscosity of mercury against the reciprocal of the absolute temper- 
ature for the following data, and estimate the viscosity of mercury at 50°. 


t 0° 20° 35° 93" 203° 
n 0.01661 0.01547 0.01476 0.01263 0.01079 


27. A certain liquid boils under atmospheric pressure (760 mm) at ¢°. Estimate 
(a) the critical temperature of the substance, (b) the heat of vaporization of liquid, 
(c) its boiling point at 720 mm pressure. How accurate would you expect these 
estimates to be? 

28. Plot the logarithm of the vapor pressure of mercury against 1/7 for values of 7 
between 0° and 360° (from reference tables), and draw tangents at two different tem- 
peratures. Show that the heat of vaporization changes with the temperature. If 
mercury vapor is monatomic, what can be stated regarding the specific heat of liquid 
mercury? 

29. Mercury does not wet a glass surface. Draw a figure analogous to Fig. 47 
(page 184) for mercury and glass, and calculate the relative positions of the mercury 
surfaces, if the diameter of the capillary is 0.1mm. The density of mercury is 13.5 
g per milliliter. The surface tension of mercury is 520 dynes per centimeter. 


| 
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30. Using the equation defining viscosity, determine the dimensions of viscosity 
in terms of the fundamental units of mass, length, and time. 

31. Look up data for five typical inorganic and organic liquids, and estimate to 
what extent one can assume that, although the specific heats of liquids vary greatly, 
the heat capacity per cubic centimeter is reasonably constant. 

32. Show that the observed boiling point 7) °K at a barometric pressure of p mm 
may be corrected approximately to the corrected boiling point, T'corr °K, at 760 mm 
by the following equation: 


To 
Obs Gh — (760 — 
corr o+ 8000 ( 0) 


CHAPTER X 
SOLUTIONS 


A solution may be defined as a system of different chemical substances } 
which has the same chemical composition and physical properties in 
every part. If the system is composed of only two chemical substances, 
it is called a binary solution. When sugar is added to water, for example, 
a solution of sugar in water is produced. The substance which is present 
in the larger quantity is usually called the solvent and the substance 
present in lesser quantities the solute. Thus, sugar is the solute dissolved 
in the solvent water. This designation is purely arbitrary, particularly 
when two liquids can be dissolved in each other in all proportions. 
Under such vonditions either one may be regarded as the solvent. 

The quantitative prediction of solubility on the basis of physical prop- 
erties of the solute and solvent is possible for only a limited number of 
solutions. In general, it can be stated that similar substances such as 
benzene and toluene or alcohol and water will dissolve in each other, as 
well as substances which tend to interact chemically. For example, the 
attraction of the molecules or ions for solvent water provides the neces- 
sary energy for breaking apart the crystal lattice when certain crystals 
such as sugar or salts are placed in water. Substances which are not 
alike or which do not combine chemically generally are not very soluble 
in each other. For example, hydrocarbons and fats, as a rule, are in- 
soluble in water but soluble in some organic solvents. 

The Composition of Solutions. The composition of a solution can be 
specified in four or five different ways, each of which has advantages for 
a particular purpose. 

Volume concentrations are used in volumetric analysis because it is 
convenient to introduce with each milliliter of solution a definite number 
of molecules. A molar solution contains 1 mole of solute in a liter of 
solution. A normal solution contains the combining or equivalent weight 
in grams of the solute dissolved in a liter of solution, but it is necessary 
to specify whether the solution is normal with respect to neutralization 
or oxidation or other reaction and to what stage the oxidation or neu- 
tralization is carried. 

Weight concentrations are used in physical chemistry because they 
are uninfluenced by temperature, whereas the volume concentrations 
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are subject to variations caused by changes in density. <A molal solution 
contains 1 mole of solute dissolved in 1000 g of solvent. Theterm “molal’’ 
and symbol ‘“‘m”’ usually refer to weight concentrations, whereas the 
term ‘‘molar”’ and symbol “M”’ usually refer to volume concentrations. 
One may be converted into the other when the density of the solution is 
known. 

Mole fractions are used in theoretical work because many physical 
properties of solutions are expressed most simply in terms of the rela- 
tive numbers of molecules. The mole fraction N of a substance in a solu- 
tion is defined as the number of moles of that substance divided by the 
total number of moles of all the substances comprising the solution. If 
a solution contains n4 moles of the substance A and ng moles of the 
substance B, then, the mole fractions are defined as follows: 


iH 
Mole fraction of A = Ny = aus et tee (1) 
na + 7B 
NB 
Mole fraction of B = Nz = ———— (2) 
na + NB 


It is obvious that the mole fraction of A plus the mole fraction of B must 
be equal to 1. If three or more different substances are involved, the 
denominator always contains the total number of moles of all kinds. 

Percentage by weight is often used in technical work to express the 
composition of a solution. 


Example 1. Illustrate the four different ways in which concentrations of 
solutions can be expressed using a solution containing 1 mole of ethanol (46 g) 
in 1000 g of water, the density of the solution being 0.992. 

Weight concentration: 


: x 1000 = 1 molal 


1000 
Volume concentration: 
1 mole 
—— = 0.94 l 
7000 6 x 1000 = 0.948 molar 
. 0.992 , 
Mole fractions: ae 
Mole fraction H.O = Ni = wees = 0.982 
18 -f 1 
il 
Mole fraction C,.H;0H = No = 1000 fy = 0.018 
Percentage by weight: Ae 
P t H, Oise = e100 95.6 
ercentage H,O = 1000 4+ 46 95, 
" 46 
Percentage C2pH;0H = ————_ X 100 = 4.4 


1000 + 46 
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Solutions of Gases. The addition of one gas to another constitutes 
the simplest type of solution, in which each substance possesses the same 
properties after mixing as before. This case of two gases occupying the 
same volume might well be called a mixture, but the term solution is a 
broader term which includes not only simple mixtures of this type but 
also those cases where some physical or chemical interaction, as in the 
case of the dissolving sugar, is required in order to enable the molecules 
of both substances to spread uniformly throughout the whole volume. 

With the exception of gases like hydrogen chloride and ammonia which 
react with each other, most gases can be mixed in any proportions, and 
the resulting mixture has properties which would be expected if they 
retained the properties which they possessed as individual gases. For 
example, the total pressure of a mixture of gases is equal to the sum of 
the partial pressures of each gas taken alone in the same volume. This 
is known as Dalton’s law of partial pressure. It is expressed by the rela- 
tion 


P=Ppatpatpet::: (3) 


where p4, Pp, Pc are the partial pressures of the gases A, B, C, and p is 
the total pressure. 

Dalton’s law was verified experimentally by Ramsay who placed a 
heated thin-walled palladium vessel containing nitrogen in a larger ves- 
sel through which hydrogen could be passed. At high temperatures the 
palladium walls will allow hydrogen to pass through readily but will not 
permit nitrogen to pass through. The pressure of the gas in the inner 
palladium vessel was measured with a manometer, and, when the hy- 
drogen was swept through the outer vessel at a constant pressure, the 
manometer registered an increase in pressure equal to that of the hy- 
drogen pressure. The hydrogen had passed into the inner palladium 
vessel exerting its full pressure, and the manometer registered the total 
pressure equal to the sum of the partial pressure of the nitrogen origi- 
nally present, plus the partial pressure of the hydrogen added later. 

It would be expected that this law would not be any more accurate 
than the simple gas law and that it would be subject to severe limitations 
at high pressure. Data regarding deviations from Dalton’s law have 
been very meager. 

Edwards and Roseveare * measured the following volume changes at 
25° and | atm when 3174 ml of the first gas was mixed with 3421 ml of 
the second gas and the pressure was readjusted to 1 atm: Nitrogen + 
hydrogen increased 1.23 ml; carbon dioxide + hydrogen increased 2.14 
ml; and ethylene + hydrogen increased 2.94 ml. 


* Edwards and Roseveare, J. Am. Chem. Soc., 64, 2816 (1942). 
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These changes in volume provide interesting material for the direct 
calculation of the interattraction between molecules in one of the sim- 
plest possible chemical systems. 

Ideal and Nonideal Solutions. It has been shown that an ideal gas 
is one in which there is no attraction between the molecules and no 
change in internal energy when the volume is changed. Similarly, in an 
ideal liquid solution there is no special force of attraction between the 
components of the solution, and no change in internal energy is pro- 
duced on mixing. Under these conditions no change in the character of 
liquids is produced by mixing, merely a dilution of one liquid by the 
other. When two liquids are mixed to give an ideal solution, there is no 
heat effect, and the properties are strictly additive. The volume of the 
solution is the sum of the volumes of the two liquids, and there is no 
more shrinkage or expansion than when two different samples of the same 
liquid are mixed. Other physical properties of the solution, such as re- 
fractive index, fluidity, and vapor pressure, can be calculated directly 
by averaging the properties of the components which make up the solu- 
tion. 

One of the most fundamental properties of a substance is the tendency 
for its molecules to pass into the surrounding space. It is manifest, for 
example, in the vapor pressure of a liquid or solid and in solubility. In 
solutions this escaping tendency describes accurately the activity of the 
substance when surrounded by the molecules of the other substances. 
It is measured directly as the partial vapor pressure of the solute or the 
solvent in the solution. Thus, measurement of vapor pressure is of con- 
siderable importance in the study of solutions. 

The vapor pressure of a pure liquid depends on the rate of escape of 
molecules from the surface of the liquid, and, when the liquid is mixed 
with another liquid, the concentration is decreased, and the rate of 
escape from the surface diminished. Moreover, in an ideal solution, 
where the character of the liquid remains unchanged, the partial vapor 
pressure of one component is directly proportional to the fraction of 
molecules of that component in the mixture. In other words, 


NA 


—pa° SS Napa° (4) 


Aa 
na + NB 


where pg is the partial pressure of the component A, pa° is the vapor 
pressure of the pure substance, and n4/(n4 + ng), or Na, is the mole 
fraction of the component A. Likewise, in an ideal solution of two com- 
ponents the vapor pressure of the other component would be given by 


the expression: Fi 
Pp = Naps 
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Example 2. The vapor pressure of pure benzene at 20° is 74.7 mm. What is A 
the partial pressure of benzene above a solution of benzene and toluene having | 
a mole fraction of 0.9 benzene? These two liquids form a solution which is 

ly ideal. 
iS can 0.9 X 74.7 = 67.2 mm 

If there are several components present in an ideal solution, each will 
have a partial pressure equal to its vapor pressure in the pure state 
multiplied by its mole fraction in the solution. 

In an ideal solution of A and B the behavior of each substance is un- 


Rte 


affected by the presence of the other. For example, the attraction be- 
tween two neighboring molecules of A, A—A, is just the same after the © 
molecules have been dispersed through the solution, and the attraction 
between two neighboring molecules of B, B-B, is just the same as in 
pure B. Methanol, for example, forms an ideal solution with ethanol, 
and a given molecule behaves just the same as it did before mixing. The 
fraction of molecules getting to the surface where they can pass off into 
the vapor is equal to the mole fraction in the solution. Ideal solutions 
are rare. They are more likely to be found when both components are 
similar chemically. 

In a nonideal solution there may be attraction A—B between neighbor- 
ing A and B molecules which is greater than the A—A attraction or the 
B-B attraction. This may result in the lessening of the partial vapor 
pressures of A and B. Again, the presence of B molecules may cause the 
A-—A attraction to decrease and thus increase the partial vapor pressure 
of A; and the presence of A may decrease the force of attraction between 
B and B so that the escaping tendency or vapor pressure of B is increased. 
These changes in the A—A and the B-B attractions may be manifested 


TABLE [1 ; 
PartiAL Pressures or BENZENE AND TOLUENE IN SOLUTION AT 20° 
Afolo Benzene Toluene Total 
Fraction 
Benzene 
Pobs Peale Pobs Peale Pops Peale 
0.00 0 0 22 ae 22 22 
O24 18 20 ie 16 36 36 
0.44 34 33 12 119 47 45 
0.55 41 41 11 10 5 51 
0.67 49 50 8 of 57 57 
1.00 Co 75 0) 0 705 75 


1 Bell and Wright, J. Phys. Chem., 31, 1884 (1927). 
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as heat effects or volume changes or abnormalities in viscosity, surface 
tension, and other properties of the solution, but the vapor-pressure 
change is usually regarded as the most significant of the physical meas- 
urements. 

The exact interactions of A~A, B-B, and A—B have not been worked 
out quantitatively yet, but the general principles of electrostatic at- 
tractions between ions, dipoles, and induced dipoles discussed on pages 
39 and 40 seem to be well established. 

In Tables I, II, and III three different types of solutions are illustrated. 
The partial vapor pressures can be obtained experimentally by the gas- 


TABLE II! 


PARTIAL PRESSURES OF ACETONE AND CHLOROFORM IN SOLUTION AT 35.2° 


Chloroform Acetone Total 

Mole 
Fraction 
Chloroform 

Pobs. Peale. Pobs. Peale. Pobs. Peale. 
0 0 0 344 344 344 344 
0.2 34 59 270 275 304 334 
0.4 82 117 183 207 265 324 
0.6 148 er 102 137 250 314 
0.8 225 236 42 67 267 303 
1.00 293 293 0 0 293 293 


1 Zawidzki, Z. physik Chem., 35, 129 (1900). 


TABLE [fII! 


PARTIAL PRESSURES OF ACETONE AND CARBON DISULFIDE IN SOLUTION AT 35.2° 


Carbon Disulfide Acetone Total 
Mole 
Fraction 

CS. 

Pobs. Peale. Pobs. Peale. Pobs. Peale. 
0 0 0 344 344 344 344 
0.2 280 102 290 275 570 377 
0.4 378 206 255 204 633 410 
0.6 425 306 230 138 655 444 
0.8 460 410 190 67 650 477 
1.00 512 HZ 0 0 512 Bile 


1 Zawidzki, Z. physik Chem., 35, 129 (1900). 
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saturation method, in which a known volume of air or other gas is passed 
slowly through the solution, and the two liquids are vaporized in ratios 
corresponding to their vapor pressures. The mixed vapors are then 
condensed from the gas stream and analyzed with a refractometer. The 
partial vapor pressures pops, are determined for each liquid. The sum 
of the two gives the total pops. The calculated partial pressures Peale. 
are calculated by multiplying the vapor pressure of the pure liquid 
by its mole fraction in the solution. The data are given in the tables 
and shown graphically in Figs. 49, 50, and 51. The broken lines give 
the value of Dealc.- 

One of the types of interaction leading to nonideal solutions is that in 
which a ‘hydrogen bond” (described on page 38) can be formed, making 
the A-B attraction greater than the A—A or the B-B attraction. Ex- 
amples of this hydrogen bonding are found when proton acceptors, which 
contain the double-bond oxygen as in acetone or other ketones or in 
acetic acid or other carboxylic acids, are mixed with proton donors such 
as NH groups or CHCl3. When there is a possibility of such hydrogen 
bonding between the different compounds, the solution will probably 
be nonideal, and the partial pressure of the two components will prob- 
ably be less than the calculated value, as is the case for acetone and 
chloroform. According to this reasoning, carbon tetrachloride and 
acetone should give a more nearly ideal solution than chloroform and 
acetone. 

The benzene-toluene solution is an ideal solution in which the mole- 
cules of the two substances are much alike, and the experimentally 
determined pressures agree with the calculated partial and total 
pressures. 

In the acetone-chloroform solution the observed values are con- 
siderably less than the calculated values. The acetone molecules are 
held back in solution by the chloroform molecules more than by other 
acetone molecules; and the chloroform molecules are held back more by 
the acetone molecules. This mutual attraction is to be expected in view 
of the fact that an actual chemical compound (CH3),CO-CHCls is 
formed, which indeed can be isolated. With many other substances the 
mutual attraction caused, at least in part, by an attraction between di- 
poles or between dipoles and induced dipoles, is sufficient to produce non- 
ideal solutions and yet insufficient to give a recognizable chemical com- 
pound between the two. 

The acetone-carbon disulfide solution is typical of those solutions 
which give abnormally large vapor pressures—the molecules require 
less energy to get into the gas phase than when surrounded by mole- 
cules of their own kind. 
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tions of acetone and chloroform showing tions of acetone and carbon disulfide show- 

pressures less than those calculated for an ing pressures greater than those calculated 
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Raoult’s Law and Henry’s Law. ‘The simple relation expressed in 
equation 4 was discovered empirically in 1884 by Raoult for a solvent 
containing small quantities of solute. The solute is so dilute that the 
solvent is but slightly affected. Raoult’s law may be expressed as follows: 


ey) 
Psolvent = P solvent N, solvent (5) 


According to this law, the partial vapor pressure of the solvent is equal 
to the vapor pressure of the pure solvent multiplied by the mole fraction 
of the solvent in the solution. 

Henry’s law applies to the solute. 


Psolute = TON ite (6) 


The partial vapor pressure of the solute is proportional to the mole frac- 
tion of the solute. This equation is distinctly different from Raoult’s 
law in that the proportionality constant K is not the vapor pressure of 
the pure solute but a constant which must be evaluated experimentally 
for each solution. The difference lies in the fact that the solute is diluted 
to such an extent that its properties may be quite different from those 
of the solute in its pure state. Raoult’s law applies to the solvent in 
solutions so dilute that the properties of the solvent are not greatly dif- 
ferent from those of the pure solvent. 

In an ideal solution Henry’s law, as well as Raoult’s, is an exact law, 
and equation 6 becomes identical with equation 4. Moreover, the pro- 
portionality constant K becomes identical with the vapor pressure of the 
pure solute. 

In nonideal solutions the value of K in Henry’s law is determined by 
measuring the vapor pressure of the solute in dilute solutions at known 
mole fractions. Then, 


Psolute , 
oe 7 
N, solute ( ) 


and the same values of K should be obtained from data at different mole 
fractions. In practice, the law is not exact, and the properties of the 
dissolved solute, including its escaping tendency, change as the con- 
centration changes. * 

Solutions of Gases in Liquids. When a dissolved substance evapo- 
rates into a closed space, the concentration of its molecules increases, 
and the rate at which these molecules return to the solution increases 


* If the ‘constant’ K changes, the most significant value to take is the one ob- 
tained by plotting a few values of p/N against N for the solute and extrapolating it 
to infinite dilution as shown on page 279. The intercept of the curve at N = 0 gives 
the value of K to be taken for theoretical calculations. 
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until a dynamic equilibrium is attained. The partial pressure in the gas 
space under these conditions is the partial vapor pressure of the solute 
in solution. The solute can be a permanent gas just as well as a liquid 
or a solid, and it then seems more natural to look at the phenomenon as 
the solution of a gas in the solvent rather than as the solute escaping from 
the solution to give a definite vapor pressure. However, equation 6 is 
still applicable; in fact, it was while studying the solubility of gases in 
liquids that Henry discovered this relationship. 

The solubilities of a few gases are given in Table IV in terms of Henry’s 
constant K in which the concentration of molecules in the gas phase, 


TABLE IV 


> 
SoLuPILITy OF GASES AT 25° 


pa pressure of gas A in millimeters 


Ke 
Na mole fraction gas A in solution 
Solvent 
Gas 
Water Benzene 

He 5.34 x 10° Das hse al 
No 6.51 X 10° WA TOUSS Oe 
Os 37 50D 10! 
CO 4.34 X 107 | PS Oe 
CO2 1.25. < 10° Seg 
CH, Say Sere DOT 10? 
CoH. 1.01 x 10° 
CoH4 8.67 X 10° 
CoH. 230 Oe 


expressed in millimeters of pressure, is divided by the concentration of 
the gas in. solution expressed in mole fractions. 

Sometimes the solubilities are expressed in terms of Bunsen coeffi- 
cients, which give the number of liters of gas reduced to 0° and 760 mm 
pressure which will dissolve in 1 liter of the solvent under a pressure of 
760 mm at a specified temperature. 

Example 3. Express the solubility of carbon dioxide in water at 1 atm 
pressure and 25° in terms of moles n per liter, assuming that the liter of solution 
contains practically 1000 g of water sty 


1000 
es Soe gee pe ee Se 
Ke 2oex< 110 Neo, (no: ar =) 
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The number of moles of carbon dioxide nco, may be considered negligibly small 
in comparison with the number of moles of water, 1000/18.02. Then, 
760 X 55.55 ; 
0. = = = 3.88 K 10-* moles per liter 
Moon ~ 725 x 108 et aa 
The Bunsen solubility coefficient for carbon dioxide may be calculated from 


this value, giving 
3.38 X 10-7 X 22.41 


= 0.757 
1 


As a first approximation, the volume of gas which dissolves is inde- 
pendent of the pressure above the solution, because the number of moles ~ 
of dissolved gas changes directly as the pressure, and the volume of the 
gas above the solution changes inversely as the pressure. 

Henry’s law, like most of the laws of solutions, is not exact except in 
very dilute solutions. Up to a pressure of 1 atm it holds within 1 to 3 
per cent with many gases. 

Dalton showed that the solubility of the individual gases in a mixture 
of gases is directly proportional to their partial pressures, the solubility 
of each gas being nearly independent of the presence of the others. The 
solubility of oxygen in water is nearly twice as great as that of nitrogen, 
and, since the solubility of one gas is unaffected by the presence of the 
other, the dissolved air is considerably richer in oxygen than the air 
above water. 

The theoretical explanations of the solubility of inert gases in liquids 
have not yet been developed. A few empirical facts regarding the sub- 
ject will be helpful in eventually formulating a satisfactory theory: 

(a) The order of increasing solubility of gases in a liquid usually re- 
mains the same in different liquids. 

(b) The increase in volume caused by the solution of a mole of the gas 
in a solvent is nearly equal to the corresponding value of 6 in the equa- 
tion of van der Waals. 

(c) The solubility of a gas in liquids is usually decreased by an increase 
in temperature. There are numerous exceptions, however, especially 
- with the solvents liquid ammonia, molten silver, and many organic 
liquids. 

(d) The solubility of gases in water is usually decreased by the ad- 
dition of other solutes, particularly electrolytes. The extent of this 
“salting out”’ varies considerably with different salts, but with a given 
salt the relative decrease in solubility is the same for different gases. 
For example, if a certain salt reduces the solubility of oxygen in water to 
80 per cent of its value, it will also reduce the solubility of nitrogen in 
water to about 80 per cent of its value. 
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The solubility of the unreactive gases is probably caused by an at- 
tractive force between the solute molecules and the solvent molecules 
due to dipole-induced dipoles (page 40), more generally referred to as 
van der Waals’ forces. Even though a molecule is electrically neutral as 
a whole, there are parts of the molecule that are positively charged and 
other parts that are negatively charged, as indicated by the existence of 
a dipole moment. These electrically charged parts are able to induce 
electric charges of the opposite sign in molecules which are in the im- 
mediate neighborhood. For example, helium molecules can certainly 
have no unbalanced electric forces, and the attractive force due to 
electric dipoles which they induce in each other is so weak that it is over- 
come by the slight thermal agitation which exists at 4° K, the boiling 
point of helium. Water molecules, on the other hand, have a consider- 
able dipole moment, and, although the molecule as a whole is neutral, 
the charged parts induce an opposite charge in a neighboring molecule, 
and a force of attraction is set up between the two, causing some helium 
to be dissolved in water. 

A similar example is found in the solubility of butane in water. The 
supposedly inert butane molecule has been found to form a solid hydrate 
with water. This unexpected phenomenon was a technical problem in 
the passage of moist butane gas through pipes in cool weather. 

The solubility of gases and other solutes is affected by the addition of 
large quantities of salts. Sometimes the salting-out effect can be ex- 
plained on the hypothesis that it is caused by the hydration of the salt. 
A portion of the water combines with the salt, and the water which is 
thus removed from the role of solvent is no longer free to absorb gas. 
More specifically, one can consider that the water molecules with their 
electric dipoles are partially oriented with respect to the ions or dipoles 
of the dissolved salt and are less free to induce dipoles in the molecules 
of gas.* Sometimes the salts interact with solute as, for example, the 
salting in of hydrochloric acid which leads to a greater solubility. 

It is common observation that a glass of cold water, when warmed to 
room temperature, shows the presence of many small air bubbles. The 
rate of escape of the molecules of dissolved gas from the liquid is in- 
creased more by an increase in temperature than is the rate at which 
molecules of the gas phase strike the surface and dissolve in the liquid 
leading to a decreased solubility. From an energy standpoint, the forces 
of attraction which cause the gas molecules to crowd into the liquid are 
partially offset by the increased kinetic energy at the higher temper- 
atures. 


* The influence of salting out on the dipole of a second substance has been measured 
by Williams and Albright, Trans. Faraday Soc., 33, 247 (1937). 
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Vapor Cumposition of Binary Systems. If an ideal solution could be 
found composed of two liquids with identically the same vapor pressure 
at a given temperature, the composition of the vapor would be the same 
as that of the liquid. But, if one of the components has a higher vapor 
pressure than the other, it will be present in excess in the vapor, even 
when there are the same number of molecules of each in the liquid, that 
is, at mole fraction such that N4 = Ng = 0.5. In fact, at all mole frac- 
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Fie. 52. Vapor pressure-composition graph at constant temperature for an ideal 
solution, toluene and benzene. 


tions the vapor will be richer than the liquid in the more volatile com- 
ponent. The same general considerations apply to solutions which are 
not ideal, but in these solutions the partial pressures cannot be cal- 
culated with exactness from the mole fractions. 

In Fig. 52 the total vapor pressure of an ideal solution, benzene in 
toluene, is plotted against the mole per cent of the component which has 
the higher vapor pressure. The temperature is constant. There must 
be two curves, one for the liquid and one for the vapor composition, 
because the composition of the two is generally not the same at a given 
pressure. The line shown in Fig. 52 for the vapor pressure plotted 
against the composition of the liquid is straight because the solution is 
ideal. Ideal solutions are comparatively uncommon. The vapor- 
pressure curve for n-hexane in benzene at constant temperature, shown 
in Fig. 53, is a more common type of diagram. Because the partial pres- 
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Fic. 54. Temperature-composition graph at constant pressure for a nonideal solu- 
tion, n-hexane and benzene. 
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sures are not proportional to the mole fraction (or mole per cent), the 
liquid curve is no longer straight. 

The curve for the liquid in Fig. 53 gives the total vapor pressure 
exerted by a liquid of the composition given on the x axis. The curve for 
the vapor gives the pressure at which vapors of a specified composition 
first show a tendency to form a liquid phase. 

Since the vapor is relatively richer in the more volatile component, it 
follows that the curve representing vapor composition must always lie 
closer to the component which has the higher vapor pressure. For ex- 
ample, in Fig. 53, since n-hexane is seen to have a higher vapor pressure 
than benzene, the vapor curve must lie nearer to the side corresponding to 
n-hexane than does the curve which gives the composition of the liquid. 

More often the boiling temperatures (the temperature at which the 
total pressure becomes equal to the atmospheric pressure) are plotted 
against the mole per cent, as shown in Fig. 54 for n-hexane and benzene 
at 735 mm.* The liquid with the higher vapor pressure (hexane) has 
the lower boiling point, and the whole appearance of the curves is re- 
versed. Since the vapor is relatively richer in the more volatile com- 
ponent, the vapor curve lies closer to the pure component having the 
lower boiling point, that is, closer to the pure n-hexane. 

Maximum and Minimum Boiling Points. In some cases, the de- 
parture from ideal behavior is so great that the curves exhibit actual 
maxima as shown in Fig. 55 for acetone and chloroform at 750 mm. 
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Fie. 55. Temperature-composition graph for acetone and chloroform showing a 
maximum. 


It may be remembered that this system has a minimum in the total 
vapor-pressure curve as shown in Fig. 50. These maxima and minima 
* Tongberg and Johnston, Ind. Eng. Chem., 25, 734 (1933). 
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fall at the same composition in both curves (except for slight changes due 
to the differences in temperature). 

Many pairs of liquids are known whose boiling-point curves pass 
through a minimum, as shown in Fig. 56 for ethanol in benzene. The 


& B 
A 

> 
we 
=a) (6) 
© 
SS 
& 
i) Vi I 
~ 
3 
s 
2. 1 Vv 
SI 
= 70 
oo 
ig 
& M 

65 

0 10 20 30 40 50 60 70 80 90 100 
Ethanol Mole per cent benzene in ethanol. Benzene 


Fie. 56. Temperature-composition graph for ethanol and benzene showing a 
minimum. 


vapor-pressure curves would pass through a maximum at the same com- 
position. Typical solutions exhibiting maxima and minima in the boil- 
ing point curves are given in Tables V and VI. 

TABLE V 


Binary Mixrures with Maximum Boruine Points 


Components ae Sac t Weight, per cent 

Hydrochloric acid + water 760 108 .58° 20.222 hydrochloric 
700 106.42 20.360 hydrochloric 
600 102.21 20.638 hydrochloric 

Nitric acid + water 760 120.5 68.0 nitric 

Acetic acid + water 760 107.1 77.9 acetic 

Chloroform + acetone 760 64.5 65.5 chloroform 

Phenol + cyclohexanol 760 182.5 90.0 phenol 


210 SOLUTIONS 


TABLE VI 


Brnary Mixtures wits Minimum Bortine Points 


Components Mpa es go t Weight, per cent 
Ethanol + water 760 Coelom 95.57 ethanol 
Carbon tetrachloride 
+ methanol 760 55.70 44.5 carbon tetrachloride 
Carbon disulfide + acetone 760 39.25 61.0 carbon disulfide 
Ethyl acetate + water 500 59.4 92.46 ethyl acetate 


A very complete list of liquids giving maximum and minimum boiling 
points is now available.* 

Maxima and minima are not confined to vapor-pressure and boiling- 
point curves, but they are sometimes found when freezing points, den- 
sities, viscosities, heats, and other properties are plotted against com- 
position. They are not found in ideal solutions. Whenever a maximum 
exists, there must be at least two opposing factors, one tending to in- 
crease the magnitude of the property and the other tending to decrease 
it as the concentration is charged. 

The mixture of hydrochloric acid and water has been studied ex- 
tensively, and the composition of the constant-boiling mixture is so 
reproducible that it is used as a standard in quantitative analysis. If 
any solution of hydrochloric acid is boiled for a sufficient time under a 
pressure of 760 mm, the temperature will gradually rise to 108.58 and 
remain stationary, and the mixture boiling at this constant temperature 
will contain 20.222 per cent hydrochloric acid by weight. 

In the case of hydrochloric acid and water, the minimum in the vapor- 
pressure curve, or maximum in the boiling-point curve, is due to the 
ionization of hydrochloric acid. Water and pure hydrochloric acid have 
high vapor pressures, but the electrically charged hydrogen and chloride 
ions cannot escape from the solution. It is shown in the next chapter 
that they lower the vapor pressure of the water. In small amounts, 
hydrochloric acid added to water lowers the vapor pressure through its 
ions; but in large amounts, it increases the vapor pressure by adding to 
the solution the more volatile hydrochloric acid molecules, a fact which 
can be realized from the sharp odor of hydrochloric acid in the con- 
centrated solutions. 


* Horsley, Table of Azeotropes and Non-Azeotropes, Anal. Chem., 19, 508-600 (1947) 
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It was thought at one time that maxima of this type correspond to 
definite chemical compounds, and indeed a maximum in a freezing-point 
composition does indicate the formation of a chemical compound, as 
explained in a later chapter. The composition of 20.22 per cent HCl 
in the constant-boiling mixture corresponds very closely to the formula 
HCI-8H,0, but the relation is accidental. It has been proved that such 
mixtures are not definite chemical compounds since the composition 
of the distillate changes when the distillation is carried out under dif- 
ferent pressures, as shown in Tables V and VI. Usually, these maxima 
do not come at compositions corresponding to any chemical formula, and, 
if maxima in two different properties occur in the same mixture, they 
often occur at different compositions. 

Chemical combination or attraction due to the existence of dipoles or 
induced dipoles in the molecule is, nevertheless, a factor in many solu- 
tions. The tendency for two liquids to attract each other in a loose 
compound through the formation of a hydrogen bond is responsible for 
the formation of scme systems with a minimum vapor pressure and 
maximum boiling point, particularly if the vapor pressures are fairly 
close together. Supporting this view, Ewell and Welch * have shown 
that most of the ketones form with alkyl halides boiling-point curves 
which have maxima, if the boiling points are close together. 

Distillation of Binary Systems. When binary or two-component 
systems are distilled under constant pressure, three types of boiling-point 
curves can be distinguished, as shown in Figs. 54, 55 and 56. 

The lower-boiling-point component (or mixture of components in 
minimum-boiling mixtures) is present in relatively greater amount in the 
vapor phase in all these diagrams in which boiling temperatures are 
plotted along the y axis. : 

When binary mixtures which exhibit a maximum in their boiling- 
point curves, as shown in Fig. 55, are vaporized the more volatile com- 
ponent comes off in greater amount than the liquid mixture as shown at 
lv and l/-v’. The boiling point of the remaining liquid then rises until 
the liquid phase acquires the composition corresponding to the maxi- 
mum, at 65.5 per cent of chloroform in Fig. 55. The liquid and vapor 
then have the same composition, and distillation proceeds without 
further change in composition, provided the pressure remains constant. 
Such a solution which distils without a change in composition or tem- 
perature is called an azeotropic solution. 

A constant-boiling temperature does not necessarily show that the 
liquid is a pure compound. Such a criterion for purity of an organic 
liquid should be supplemented with other tests. 


* Ewell and Welch, J. Am. Chem. Soc., 63, 2475 (1941). 
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Similarly, if a mixture having an initial composition which corresponds 
tol’ is distilled, the liquid phase becomes relatively less rich in chloroform 
and finally acquires the composition of the mixture having the max- 
imum boiling point. 

From all solutions with more than 65.5 mole per cent, pure chloroform 
can be separated in the distillate by successive distillations, but pure 
acetone cannot be obtained. The ultimate residue will contain 65.5 
mole per cent chloroform and 34.5 per cent acetone. Pure acetone can 
be obtained in the distillate however by successive distillations of solu- 
tions which contain less than 65.5 mole per cent chloroform. 

The third type of boiling-point curve has a minimum, as shown in 
Fig. 56, for ethanol and benzene. Any mixture whose composition lies 
between that of A and M may be separated by fractional distillation. 
Pure A is then left in the residue, and the mixture M, having the com- 
position of the minimum boiling point, is obtained as the distillate. In 
like manner, mixtures whose composition lies between those of B and M 
can also be separated by fractional distillation into pure B and the mix- 
ture M. Pure B, however, cannot be obtained on distilling a mixture 
whose composition lies between that of A and M. As shown in Fig. 56, 
the vapor compositions v and v’ are nearer to the minimum boiling com- 
position than the corresponding liquid compositions | and I’. 

Fractional Distillation. When a mixture of two liquids vaporizes, 
that component which has the higher partial vapor pressure tends to 
concentrate in the vapor, thus producing a difference in composition 
between the liquid and the vapor which is in equilibrium with it. This 
vapor may be condensed, and the vapor coming from this condensate 
is still further enriched in the more volatile component. This successive 
vaporization and condensation is called fractional distillation. 

The situation is represented in Fig. 57a for a simple binary mixture in 
which there is no maximum nor minimum in the boiling curve. Al 
though the data of the figure are only for one pressure, data at other 
pressures give similar curves. The dotted line which makes an angle 
of 45° with the x axis is such that any point on it has the same value 
along the x and y axes; in other words, the composition of vapor and 
liquid along this hypothetical line is the same. The full line along y; 
and ys gives the composition of vapor plotted along the y axis correspond- 
ing to any composition of liquid plotted along the x axis. If the mixture 
has a minimum vapor pressure as in Fig. 50, the curve intersects the 
45° line with a maximum slope as shown in Fig. 57b. If the mixture has 
a maximum, as in Fig. 51, it intersects with a minimum slope as shown 
in Fig. 57c. In Fig. 57a, there are two points where the composition 
of vapor and liquid is the same, namely, pure A and pure B. In Figs. 
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57b and ¢ there is a third point where they are the same, namely, at the 
maximum or minimum boiling point. 

The process of fractional distillation may be illustrated by reference 
to Fig. 57a. If one starts with a large amount of liquid of composition 
x; and evaporates a small portion, the vapor will be found to have the 
composition y;. If all this vapor is condensed, the condensed liquid will 
have the composition y; also. If the composition of the condensed 
liquid is called x2, it follows that rz = y;. When a very small portion of 


Mole per cent of more volatile 
component in vapor 


X Mole per cent of more volatile X (b) 
component in liquid 
(a) 


Fig. 57. Fractional-distillation diagrams used in calculation of the number of theo- 
retical plates in a fractionating column: (a) simple solution; (6) solution with mini- 
mum in vapor-pressure curve; (c) solution with maximum in vapor-pressure curve. 


this liquid of composition x2 is evaporated, the vapor will have the com- 
position yz. If this process of evaporation and condensation is con- 
tinued, it is possible to obtain a very smail amount of the more volatile 
component in a practically pure state. 

A series of successive vaporizations and condensations may be carried 
out in a fractionating column, without the material having to be trans- 
ferred from boiler to condenser at every step. The simplest form to 
visualize is the tower of bubble caps diagrammed in Fig. 58. 

When all the condensed vapor is returned to the boiling liquid under 
conditions of total reflux, fresh liquid of constant composition cor- 
responding to composition 2; of Fig. 57 is fed in at the bottom through 
the reservoir and valve, and vapor from it bubbles out through the liq- 
uid in the first or lowest trough. The composition of this liquid cor- 
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responds to y; or 2. The vapor from the first layer of condensed liquid 
now corresponds to yz, and it passes up through the second bubble cap 
where it is condensed to give the second layer of liquid having com- 
position x3 which is equal to that of y2. The overflow is returned to the 
first layer and eventually down to the residue. The process is con- 
tinued through a whole series of liquid layers. Each layer is called a 


Insulation 


Liquid overflow 
from plate above 


Fig. 58. Bubble-cap fractionating column. 


plate. ‘The distillate at the top is greatly enriched in the more volatile 
component, some enrichment taking place at each condensation and 
evaporation, that is, at each plate. 

The column is well insulated, or it is surrounded by a controlled heat- 
ing jacket so that there will not be general condensation on the walls. 
- The whole system reaches a state of equilibrium in which the composi- 
tion of liquid on each plate remains unchanged. In actual practice, for 
continuous distillation the incoming liquid is fed into the tower near the 
middle. 

In the laboratory, distillations are usually carried out in batches, and 
the liquid in the bottom is gradually reduced in volume as the vapor at 
the top is distilled out and recovered by condensation. The mathe- 
matical analysis under these conditions is more complicated, but, if the 
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column is operated at nearly total reflux, so that very little of the vapor 
is distilled out, a state of equilibrium is reached which is practically the 
same as that described for the continuous-flow operation. 

The bubble-cap towers are not often used, because it is simpler to 
pack the tower with material which will provide efficient contact be- 
tween liquid and vapor and will occupy only a small volume so that there 
is free space to permit a large through-put of vapor. Helices of glass, 
spirals of screen, and various types of packing * are used with varying 
degrees of efficiency. 

The efficiency of a column is expressed in terms of the number of 
theoretical plates to which it is equivalent. A theoretical plate may be 
considered as a hypothetical section of the distilling column of such 
length that the vapor leaving at the top of the section has had oppor- 
tunity to come into equilibrium with the liquid leaving at the bottom of 
the section. It may be visualized as the equivalent of a layer in a 100 
per cent efficient bubble-cap tower, that is, one in which the vapor leav- 
ing the plate is in complete equilibrium with the circulating liquid on the 
plate. 

The number of theoretical plates in a column at infinite reflux can 
be determined by finding the composition of the exit vapors and that 
of the liquid in the distilling flask under conditions of total reflux, mark- 
ing these two points on the 45° line of Fig. 57a and finding the number of 
horizontal—vertical steps which can be drawn between the two com- 
positions. Thus, if the composition of the distillate is found to be x4 and 
that of the residue to be 21, three steps can be drawn connecting the two. 
Since the distilling pot itself corresponds to one theoretical plate, the 
column to which this example applies has two theoretical plates. 

A fractionating column operating at total reflux obviously would not 
be very practical for separating liquids, but the higher the reflux ratio, 
that is, the greater the ratio of liquid returned to the distilling flask to 
the vapor distilled out, the greater is the efficiency of separation. An 
ordinary distilling flask and unpacked column may be equivalent to one 
or two theoretical plates, but, when it is well packed, with special pack- 
ing which presents a large area of the flowing liquid to the vapor, it is 
possible to have the equivalent of a theoretical plate every inch or so. 
Fractionating coitumns of 10 to 20 theoretical plates operating at a reflux 
ratio of 10 to 1 effectively separate liquids which have boiling points so 
close together that they cannot be separated in a simple distillation flask. 


* Daniels, Mathews, and Williams, ‘Experimental Physical Chemistry,”” McGraw- 
Hill Book Co., New York, 1941; Morton, “Laboratory Techniques in Organic Chem: 
istry,’”’” McGraw-Hill Book Co., New York, 1939, Chapter IV. 
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Marked improvements have been made recently in laboratory distilla- 
tions and purifications, as well as in industrial distillations. The demands 
of the petroleum industry have given an impetus to the development of 
the theory and practice of fractional distillation. 

Immiscible Liquids. The vapor-pressure relations of two immiscible 
liquids are shown in Fig. 59. Each exerts its own vapor pressure inde- 
pendently of the other. The total vapor pressure is obviously the sum 
of the vapor pressures of the two liquids if neither liquid dissolves in the 


Pressure in mm 


0 an 50 TA 100 
Temperature in °C 


Fig. 59. Pressure-temperature graph for immiscible liquids, water and bromo- 
benzene, 


other, and the vapor pressure and composition of the vapor are constant 
at constant temperature, independent of the composition of the liquid 
mixture. 

In the example shown, the total vapor pressure reaches atmospheric 
pressure O at 95°, and both liquids distil together at this temperature. 
When either one of the liquids has completely distilled away at this 
temperature, the vapor pressure drops to that of the remaining liquid, 
M or N. 

Since the pressure of a gas is proportional to the number of molecules 
in a given space, the vapor pressures are represented by p4 and pg and 
the number of moles by n4 and ng for the two immiscible substances A 
and B. Then, 
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The number of moles can be calculated by dividing the weight in grams 
by the molecular weight, giving 


PA wa/Ma 
pp we/Me 
or 
wa paMa 
—= (9) 
we psig 


This formula is useful in calculating the relative weights w4 and wg 
of the two liquids which are condensed out in distillation. 

A common laboratory and industrial operation which makes use of 
this relation is steam distillation. The steam is blown through a liquid 
which is immiscible with water, and the condensing steam carries with 
it quantities of the other liquid. 

If an organic substance is immiscible with water and unaffected chem- 
ically by steam, it is possible to effect a purification by steam distillation, 
even though the vapor pressure is relatively low. It is the low molec- 
ular weight and the cheapness of water which render it so suitable for 
distillations of this kind. 


Example 4. How many grams of water would be required to steam-distil a 
kilogram of bromobenzene? The vapor pressure of bromobenzene is 125 mm 
at 95°, and that of water is 635 mm. 


_ P20 Myo _ 685 18 _ WH,0 * 
PCoHsBr e Mogagr 125 Seyi 1000 1 eae 


The behavior of partially miscible liquids is similar to completely 
miscible liquids as long as there is only one liquid layer, showing that 
the two liquids dissolve completely in each other. When the mutual 
solubility is exceeded and two layers are formed, the vapor-pressure re- 
lations resemble those of the immiscible liquids. 

Partial Molal Quantities. The concept of partial molal quantities, 
developed by G. N. Lewis, has helped materially in placing the study of 
solutions on an exact basis. For example, when a mole (32 g) of meth- 
anol is added to a small quantity of water, the change in volume pro- 
duced on mixing is not the same as when it is added to a large quantity 
of water. The volume depends on the concentration, and, since the 
concentration changes during the mixing, the measurements are com- 
plicated in a manner which was not realized in the early work on solu- 
tions. This problem can be solved readily with the methods of partial 
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differentiation by determining the change produced by the addition of 
an infinitesimal quantity of the solute. The partial molal volume V is 


defined by the equation 
ie eet Ve 
Nes (10) 
on 


where n is the number of moles. In words, it is the rate of change in 
volume produced by the addition of solute to the solution at constant 
temperature and pressure. The partial molal volume of the solute V2 


changes with the concentration, and it can be visualized as the increase in | 


volume produced by adding 1 mole 
of the solute to a large quantity of 
the solution, a quantity so large in 
fact that the addition of the 1 mole 
of solute does not increase appre- 
ciably the concentration of the solu- 
tion. For example, a mole of meth- 
anol weighs 32.03 g and occupies 
40.45 ml. When it is added to a 
large reservoir of pure methanol, 
the volume is increased 40.45 ml, 


1625 


g 


Volume in Milliliters of Solutions 
containing 1000 Grams of HzO 


eae CO past ~=6 3. «=O ~Ssibut, when it is added to a large res- 

Holality of CH_ OH ervoir of a solution containing 0.2 

Fia. 60. Determination of partial molal mole fraction of methanol and 0.8 
volumes by the method of tangents. mole fraction of water, the in- 


crease is only 37.7 ml. An obvious 
method for determining the partial molal volume of a solute consists in 
plotting the volume of the solution against the number of moles of solute 
contained in 1000 g of the solvent (that is, against the molality), and 
determining the slope of the curve as shown in Fig. 60. The slope of the 
curve 0V/dnz at any molality gives the rate of change in volume with 
the moles of solute added, and this is by definition the partial molal 
volume of the solute. In Fig. 60 the tangent is drawn to the curve at 
a molality of 13.35, and it is found to have a slope of (1625 — 1375) / 
(16.30 — 9.60) or 37.3, which is the partial molal volume of the meth- 
anol at this molality. 

The partial molal volume of water is determined in a similar manner 
by drawing tangents to the curve obtained by plotting the molal volume 
of the solution against the molality of the water in the methanol-water 
solution. 

Other specialized graphical methods are available for obtaining partial 
molal quantities with greater precision than can be obtained by this 
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simple graphical determination of tangents.* Sometimes calculated 
quantities are plotted in such a way that the errors of graphing apply 
only to a correcting term rather than to the whole quantity. 

Other properties such as partial molal free energy or partial molal 
heat capacities or partial molal enthalpies may be determined in the 
same way as the partial molal volumes. The partial molal free energy 
F of a given component is an important quantity which is used in de- 
riving formulas for the thermodynamic behavior of solutions because it 
has the same value in every phase which is in equilibrium. 

After the partial molal volumes (or other properties) have been de- 
termined, the volume of the whole solution can be obtained at any con- 
centration by direct addition, as shown by equation 11, 


mV + NoVo 4- N3V3 + Oe V (11) 


where V is the volume of the whole solution, and where 74, 72, 3, etc.,; 
refer to the number of moles of the different components and V to the 
corresponding partial molal volumes. 

Heat of Solution. The heat effect which accompanies the dissolving 
of a mole of solute is known as the molal heat of solution. It changes with 
the concentration all the way from an infinitely dilute solution, that is, 
pure solvent, to a saturated solution as is illustrated in Fig. 61. This 
figure gives the heat absorbed when nz moles of sodium bromide is dis- 
solved in 1000 g of solvent.+ The addition of 1 mole of this solute to 
1000 g of water absorbs 800 cal of heat, and it might be expected that 
the addition of 2 moles to 1000 g of solvent would absorb 1600 cal. How- 
ever there is an interaction of the solute ions with the solvent which 
gives a heat effect that usually is not directly proportional to the amount 
of solute added. In concentrated solutions, the solvent molecules be- 
have quite differently from those in the pure solvent, and, of course, 
there is an interaction between solute molecules when the concentration 
is large. In sodium bromide, shown in Fig. 61, the addition of 2 moles 
of solute to 1000 g of solvent absorbs 1390 cal, the addition of 3 moles 
absorbs 1790 cal, and the addition of more solute gives a continuously 
decreasing absorption of heat per mole dissolved. When the solution 
becomes saturated at 9.0 molal, the further addition of solute produces 
no further effect because no more can dissolve. 

The integral heat of solution is defined as the heat absorbed when 1 
mole of solute is dissolved in a sufficient quantity of the solvent to give 
the specified concentration. In Fig. 61, the integral heats of solution at 1, 


* Lewis and Randall, “Thermodynamics and the Free Energy of Chemical Sub- 
stances,”” McGraw-Hill Book Co., New York, 1923, page 38. 
{ Harned and Crawford, J. Am. Chem. Soc., 59, 1903 (1937). 
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2, and 3 molal are, respectively, 830, 132% or 695, and +%}?° or 597. It 
is possible also to calculate the heat absorbed when a given number of 
moles is added to a solution of specified concentration. Thus, in Fig. 61, 
the addition of 1 mole of solute to 1 mole of solute in a 1-molal solution 
absorbs 1390 — 830 or 560 cal of heat. 

The partial molal or differential heat of solution is defined as d(AH) 
+ dnz, where AH is the heat of sclution of nz moles of solute in 1000 g 


3000 


of n, moles of NaBr 


Heat of-solution AH in calories 


n,=numbers of moles Na Br per 1000g of water 


Fig. 61. Integral and differential heat of solution of sodium bromide in water. 


of solvent. It is the heat of solution of a mole of solute in a quantity of 
solution so large that the addition of the one more mole of solute does 
not change appreciably the concentration of the solution. It is illus- 
trated by the tangent at 3.0-molal solution, which has a value of 330 
cal per mole. The average heat of solution obtained by dividing differ- 
ences in AH by the corresponding differences in n is not definite. It 
depends on the range of concentrations which is covered. Before these 
methods of differential calculus were applied to solutions, confusion 
existed, and different investigators reported different heats of solution. 

The partial molal heat of solution in the pure solvent is the limiting 
slope of the curve as ng approaches zero. It represents the heat ab- 
sorbed when a mole of solute is dissolved in an infinitely large amount 
of pure solvent to form an infinitely dilute solution. For sodium bromide 
at infinite dilution d(AH)/dnz = 830 cal per mole. The slope of the 
curve when nz is the molality of the saturated solution, represents the 
heat absorbed when a mole of solute is dissolved in a large amount of 
nearly saturated solution. 


; 
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The integral heats of solution are recorded for a number of solutes in 
Table VII. They give values of AH when 1 mole of the substance is 
dissolved in the number of moles of water specified—usually 200. When 
AF is positive, heat is absorbed; when it is negative, heat is evolved. 


TABLE VII 


INTEGRAL Heats or SOLUTION IN WATER AT 20° 


Rota Moles AH, Rae Moles AH, 
H.O kcal/mole H,O kcal/mole 
H2S04 200 —-17.7 NaCl 200 e 
HNO3 200 Sars) KCl 200 4.4 
HCl 200 —17.4 KBr 200 5.0 
HBr 200 —20.0 KI 200 Deal: 
HI 200 —19.2 CuSO, 800 —15.9 
NaOH 200 —10.0 CuSO,4:5H20 800 2.8 
NaNO3 200 BW) HCOOH 49 0.30 
KNO3 200 8.5 CH3COOH 30 0.1 
NH,NO3 200 6.3 CCl3COOH 500 2.7 
NH,Cl 200 3.9 CH3;0H 19 2.0 


Usually, heat is absorbed when a crystalline salt dissolves, because in 
the solution process the atoms or ions are torn apart from each other in 
the crystal lattice. If this process is not offset by other processes, it 
might be expected that as much heat would be absorbed as is absorbed 
in the fusion of the crystal. In fact, the heat of solution of a substance 
in a solvent to give an ideal solution is exactly equal to the heat of fusion. 
Combinations with the solvent can evolve heat which partially or wholly 
offsets this cooling effect. 

The importance of this attraction of the solvent for the solute in the 
process of solution may be illustrated by the dissolving of sodium chlo- 
ride. In the crystal lattice of sodium chloride, positive sodium ions and 
negative chloride ions attract each other strongly. The energy that is 
required to separate them is so great that nonpolar solvents like benzene 
or carbon tetrachloride will not dissolve sodium chloride; but a solvent 
like water, which has a large dielectric constant and a large dipole mo- 
ment, combines with the ions and in so doing evolves a large amount of 
heat. In this way, the large energy required for breaking up the crystal 
lattice is made available. With sodium chloride the héat of interaction 
with the solvent just about offsets the heat of separation of the ions, and 
there is very little heat effect. With some substances the combination 
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with the solvent more than offsets the energy required to separate the 
units of the solute, and heat is actually evolved. 

When a solution is diluted by the addition of more solvent, there is a 
heat change corresponding to the difference in the integral heat of solu- 
tion at the two concentrations. As the dilution is increased, the thermal 
effect. produced by the addition of more solvent becomes less and less 
and ultimately approaches zero. 

The previously unpublished data of Professor T. F. Young of the 
University of Chicago presented in Table VIII give unusually exact in- 


TABLE VIII 
Heats or SoLutTion AND DiuutTion oF SoprumM CHLORIDE IN WATER AT 25° 


AH in calories for ny HyO + ng NaCl = solution containing ny H2O + nz NaCl 


Molalit ny AH d(AH) d(AH) AH 
we beS, ng n2 dng dn, Kg H20 

0.0000 c) 923 923 —0.0000 0.00 
0.0100 5551 962 979 —0.0029 9.62 
0.0225 2467 977 997 —0.008 21.98 
0.0400 1388 989 1009 —0.015 39.56 
0.0900 617 1004 1018 —0.023 90.4 
0.1600 347 1008 1009 —0.002 LoL. 3 
0.2500 222.0 1005 986 +0.086 2502 
0.3600 154.2 994 952 0.27 357.8 
0.4900 home 977 909 0.61 478.7 
1.0000 5D. OL 898 737 2.90 898 
1.9600 28.32 750 471 9.80 1470 
3.2400 Needle 597 280 18.5 1934 
4.0000 13.88 532 235 Dinas 2128 
4.8400 Wah eave 480 244 PAL MS 2323 
5.7600 9.64 448 318 1325 2580 
6.0025 9.25 443 350 10.1 2659 


‘formation regarding the heat of solution and heat of dilution for sodium 
chloride over a wide range of concentrations. It is interesting to note 
that there is a change of sign in the heat of dilution as the solution be- 
comes dilute. 
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PROBLEMS 


1. A solution of KNOs3 contains 192.6 g of salt per liter of solution. The density 
of the solution is 1.1432. Calculate the concentration in terms of (a) molality, 
(b) molarity, (c) mole fraction, (d) weight per cent. 

Ans. (a) 2.004. (6) 1.905. (c) 0.0348. (d) 16.85. 

2. In an evacuated vessel of 6-liter capacity, 1.0 g of water and 1.0 g of hexane 
are evaporated and heated to 350°. 

(a) What is the total pressure in atmospheres? 
(b) What is the mole fraction of water in the vapor? 
(c) What is the percentage composition (by weight) of the vapor? 
Ans. (a) 0.577 atm. (6) 0.828. (c) 50. 

3. Exactly 1.100 g of carbon dioxide was introduced into a 1-liter flask which 
contained some pure oxygen before being subjected to partial evacuation. The flask 
was warmed to 100° and the pressure found to be 608 mm Hg. Considering oxygen 
and carbon dioxide to be the only gases present, calculate the weight of oxygen in 
the flask. Ans. 0.0351 g. 

4. At 20°, 1 volume of water absorbs 0.03405 volume of oxygen under atmos- 
pheric pressure and 0.01696 volume of nitrogen under atmospheric pressure. When 
’ air (20.9 per cent oxygen and 79.1 per cent nitrogen by volume) is dissolved in water 
under atmospheric pressure, what is the percentage (by volume) of oxygen and of 
nitrogen in the dissolved gases? 

Ans. Og = 34.65; No = 65.35 per cent by volume. 

5. The solubilities of carbon monoxide and nitrous oxide in water are 0.757 and 
0.539, respectively, where solubilities are expressed in volume of gas under standard 
conditions per volume of solution. The solubility of carbon monoxide in 1.0 molal 
Meg(NOsz)o is 0.559. Calculate the solubility of nitrous oxide in 1.0 molal Mg(NOs)o. 
The experimental value is 0.385. Ans. 0.398 volume per volume of solution. 

6. Ethanol and methanol form a solution which is nearly ideal. The vapor 
pressure of ethanol is 44.5 mm, and that of methanol is 88.7 mm at 20°. (a) Cal- 
culate the mole fraction of methanol and ethanol in a solution obtained by mixing 
100 g of each. (b) Calculate the partial pressures and the total vapor pressure of 
the solution. (c) Calculate the mole fraction of methanol in the vapor. 

Ans. (a) Ncw;30n oa 0.590; NoH;0H = 0.410. 
(6) Pox;oH = 18.25; pox,;oH = 52.325 Ptotar = 70.6. 
(c) 0.741. 
7. Prove that, for ideal solutions of two volatile liquids A and B, 


P= pa + ps = pa + Na(p°B — p°a) 


Check this equation against a graph for the total vapor pressure of an ideal solution. 
8. The vapor pressure of the immiscible liquid system diethylaniline—water is 
760 mm at 99.4°. The vapor pressure of water at that temperature is 744 mm. 


How many grams of steam are necessary to distil over 100 g of diethylaniline? 
Ans. 562 g. 


9. Ten grams of pure acetic acid HC2H30z is dissolved in 100 g of water. The 
density of the solution at 20° is 1.0123. Calculate the concentration of acetic acid 
in terms of (a) per cent by weight, (6) molality, (c) molarity, (d) mole fraction. 

10. It has been established that the refractive index of a solution of carbon tetra- 
chloride in benzene is a linear function of the mole fraction of either component. 
For benzene, nj$ = 1.5024. For carbon tetrachloride, nt = 1.4618. Calculate the 
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per cent by weight of CCl, in a solution of the two having a refractive index at 18° 
of 1.4807. 

11. At 25° and 1 atm pressure, the solubility of oxygen, Oo, in water is 0.001225 
mole per liter. How many grams are dissolved in a lake which is 1 mile in diameter 
with an average depth of 20 ft, if complete equilibrium with the air is assumed? 

12. Benzene and toluene form a solution which is nearly ideal. At 80° the vapor 
pressures of benzene and toluene are as follows: vapor pressure of benzene = 753 
mm Hg; vapor pressure of toluene = 290 mm Hg. In a solution containing 0.5 
mole fraction of benzene and 0.5 mole fraction of toluene, what is the composition 
of the vapor at 80°? 

13. From the data given below construct a complete temperature-composition 
diagram for the system ethanol-ethyl acetate. The data apply to 760 mm. A 
solution containing 0.8 mole fraction of ethanol EtOH is distilled completely at 760 
mm. (a) What is the composition of the first vapor to come off? (b) Of the last 
drop of liquid to evaporate? (c) What would be the values of the above quantities 
if the distillation were carried out in a cylinder provided with a piston so that none 
of the vapor could escape? 


N, ethanol N, ethanol N, ethanol Nethanol 

liquid vapor Temperature liquid vapor Temperature 
0 0 CUMS 0.563 0.507 72.0 
0.025 0.070 COG 0.710 0.600 72.8 
0.100 0.164 (SAW 0.833 0.735 74.2 
0.240 0.295 72.6 0.942 0.880 76.4 
0.360 0.398 CARS 0.982 0.965 Lis 
0.462 0.462 LG 1.00 1.0000 78.3 


14. The boiling point of the immiscible liquid system naphthalene—water is 98° 
under a pressure of 733 mm. The vapor pressure of water at 98° is 707 mm. Cal- 
culate the per cent of naphthalene in the distillate. 

15. When 1 mole of water was added to an infinitely large amount of an aqueous 
methanol solution having a mole fraction methanol 0.40, the volume of the solution 
increased 17.35 ml. When 1 mole of methanol was added to such a solution, the 
volume increased 39.01 ml. Calculate the volume of a solution containing 0.40 mole 
of methanol and 0.60 mole of water. 

16. Plot enough of the data of Table VIII to determine graphically the partial 
molal heat of solution of sodium chloride in 0.8 molal sodium chloride solution. 

17. The integral heat of solution of 1 mole of H2SO, in n moles of water is given 
by the formula: 

—17,860n 


n+ 1.798. 


Calculate AH for the following reactions: 

(a) Solution of 1 mole of H2SOx, in 5 moles of water. 

(b) Solution of 1 mole of HeSOx, in 10 moles of water. 

(c) Solution of 1 mole of HySOy in a large excess of water, 100,000 moles for example. 

(d) Addition of a large excess of water to a solution containing 1 mole of H2SO, in 
10 moles of water. 

(e) Addition of 5 moles of water to a solution containing 1 mole of HeSO, in 5 moles 
of water. 


AH siution = a, 


18. Ten grams of carbon tetrachloride (density = 1.595) and 50 g of benzene 
(density = 0.878) are mixed. Calculate the composition of the mixture in terms of 


aa 
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(a) per cent by weight of each compound, (6) mole fractions, (c) molal concentration, 
and (d) molar concentration, considering the benzene to be the solvent, assuming for 
this calculation that the solution is ideal. 

19. Three flasks are connected by stopcocks. Given the following data: 


Volume Pressure 
Flask (liters) Contents (atm) 
A 1 Oz 2 
B 2 No 1 
¢ 3 He 3 


Calculate (a) total pressure, (6) partial pressure of each gas, and (c) mole fraction 
of each gas after the stopcocks are opened and the gases are mixed at constant tem- 
perature. 

20. A 10-liter tank of methane at 740 mm total pressure and 25° contains 1 liter 
of water. How many grams of methane is dissolved in the water? 

21. The reduction in solubility of gases such as carbon dioxide in aqueous solutions 
by inorganic salts is, within. experimental errors, an additive function of ion con- 
centrations. Using this fact, calculate, from the following data, the solubility of 
carbon dioxide in a 0.1 M solution of sodium nitrate at 25°. The solubilities are 
expressed in terms of volume of gas measured at 0° and 760 mm per volume of solu- 
tion at 25°. The salts are dissociated into ions such as Kt and Cl (page 250). 


Data at 25° 


Solution Solubility CO2 
Pure H2,O 0.7567 
0.1 M KCl 0.7432 
0.1 M NaCl 0.7379 
0.1 M KNO3 0.7501 


22. At 25° the vapor pressures of chloroform and carbon tetrachloride are 199.1 
and 114.5 mm, respectively. If the two liquids form an ideal solution, (a) what is 
the composition of the vapor in equilibrium with a mixture containing 1 mole of 
each; (b) what is the vapor pressure of the mixture? 

23. For mixtures of benzene and isopropanol the following data are available at 
25°. Draw a complete pressure—composition diagram including partial pressure 
curves for each of the constituents. What would be the approximate composition 
of distillate obtained by distilling a liquid whose mole fraction (with respect to 
isopropanol) was 0.521 until its mole fraction had become 0.70? The vapor pressure 
of pure benzene at 25° is 94.4 mm. 


Mole fraction of isopropanol ‘Partial pressure of 


In liquid In vapor isopropanol im mm 
0.000 0.000 ee 
0.059 0,123 12.9 
0.146 0.205 22.4 
0.362 0.255 27.6 
0.521 0.288 30.5 
0.700 0.365 36.4 
0.836 0.470 39.5 
0.926 0.635 42.2 
1.000 1.000 44.0 
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24. Calculate the partial molal volume of zinc chloride in 1 molal ZnClz solution 
using the following data: 


Per cent by weight of ZnCle 2 6 10 14 18 20 
Density, g per ml 1.0167 1.0532 “1.0819 121275 1.1665 121866 


25. Using the following data for cadmium nitrate in water plot the total heats 
of solution, AH against the molality m, and determine the differential heat of solution 
of cadmium nitrate in a 4 molal solution. 


m (molality) 1.063 1.799 2.821 4,251 6.372 9.949 
AH (joules) —34.2 —56.7 —88.3 —126.0 —174.4 — 228.5 


26. The dissolved air described in Problem 4 is expelled by boiling into an evacu- 
ated space. When this mixture of 34.65 per cent oxygen and 65.35 per cent nitrogen 
by volume is redissolved in water at 20° under atmospheric pressure, what is the com- 
position of the dissolved gas? 

27. Two 2-liter vessels are connected with a tube and stopcock of negligible 
volume. Initially the first bulb contains 10 g of water and is at 10°. The other 
bulb contains 5 atm of NH3 and is at 0°. Calculate the total pressure in the system 
when the stopcock is opened and the whole apparatus is brought to equilibrium at 
25°. The solubility of NH3 in water at 25° is 27.011 moles per 1000 g H2O. Neglect 
second-order effects. 

28. In the system isopropyl ether—isopropanol the vapor and liquid have the 
following compositions of isopropyl ether: 


Mole Fraction Isopropyl Ether 


In liquid 0 0.084 0.19 0.44 0.66 0.75 0.78 0.88 0.95 100 
In vapor 0 0.30 0:45 0.64 0°73 03767-10278 0.84 0:91 100 


Plot the data, and state whether this system exhibits a minimum or maximum boiling 
point. If so, which? What is the composition of this mixture of maximum or mini- 
mum boiling point? With a rough sketch show what the temperature—composition 
diagram would look like. 


Regent 
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CHAPTER XI 
SOLUTION OF NONVOLATILE SOLUTES 


When only one of the components in a liquid system is volatile, as in, 
an aqueous solution of sugar, both the measurements and the theoreti- 
cal calculations are simplified. The total pressure of the system gives 
at once the partial pressure of the volatile component. The solute or 
solutes play no part in the measurements except insofar as they affect 
the escaping tendency, that is, the vapor pressure, of the solvent. Be- 
cause the vapor pressure is lowered, the boiling point is raised and the 
freezing point is lowered. The phenomenon of osmosis is connected 
also with the lowering of the vapor pressure. All four of these properties 
are interrelated, and they are used for calculating molecular weights and 
other properties of dissolved substances. 

From a kinetic point of view, the lowering of the vapor pressure may 
be explained as due to solute molecules reducing the effective concen- 
tration of the solvent. Accordingly, it is the number of molecules or 
separate units, rather than their kind, which determines the extent. of 
the vapor-pressure lowering. 

Lowering of the Vapor Pressure. Raoult’s law is the fundamental 
formula for connecting the concentration of the solute with the vapor 
pressure of the solvent. In fact, Raoult first applied it to the lowering 
of the vapor pressure by various nonvolatile solutes and expressed it in 
the statement that the lowering of the vapor pressure divided by the 
vapor pressure of the pure solvent is equal to the mole fraction of the 
solute. 

As given in the last chapter, the equation, 


B.2. 0 
Psolvent = solvent ? solvent (1) 


is applicable to ideal solutions, but the equation holds well for non- 
ideal solutions also if they are dilute, because the solvent is only slightly 
changed from its normal behavior by the addition of a small amount of 
solute to it. 

The difference between two quantities often can be determined 
experimentally more accurately than the absolute value of one of them. 
According to this principle, the difference between the vapor pressure of 
the solutions and that of the pure solvent can be determined and cal- 
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culated much more easily and accurately than the vapor pressure of the 
solution. Writing equation 1 in the equivalent form for the solvent, we 
have 

ny 0 


= N,v = 
A cf ya ad 


where p is the vapor pressure of the solution (or rather the partial 
pressure of the solvent in solution), p° is the vapor pressure of the pure 
solvent and ny is the number of moles of solute; n; is the number of 
moles of solvent, and N, is the mole fraction of the solvent in the solu- 
tion. By rearranging terms it can be shown that 
p° am nN 

pa ae) ae ee (2) 

P my + N2 


where Nz» is the mole fraction of the solute. 


Example 1. Raoult * found that, when 2.47 g of ethyl benzoate was dissolved 
in 100 g of benzene at 80°, the vapor pressure was lowered from 751.9 to 742.6 
mm. Calculate the molecular weight M» of ethyl benzoate from these data. 
The molecular weight of benzene is 78.1. 


(iia Sa 
p° me + ny 
2.47 
751.9 — 7426 Me 
eR PSC , 100 
M2 * 78.1 
M2 = 154 


The molecular weight obtained by adding together the atomic weights is 
150.2. If the solution were more dilute, its behavior would be more nearly 
ideal, and the calculated value would check better with the correct value. 

The molecular weight may be calculated as well by equation 1 as by equation 
2, but the mathematical operations must be carried out with greater precision. 
Thus, with a slide rule the calculation by equation 1, 


100 
; 78.1 
WON ae pa Es 
742.6 100 247 X 751.9 


73.1! My 


may give for M; a value anywhere between 130 and 180. However, with a five- 
place logarithm table the calculation gives 154, as obtained by equation 2. 


* Raoult, Z. physik Chem., 2, 371 (1888). 
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This problem illustrates the desirability, when possible, of applying calculations 
to a small correcting term, as is done with equation 2, rather than to the whole 
quantity as is done with equation 1. 


The vapor pressures of the solution may be determined by static 
methods in which the pressure is read directly with a manometer. A 
differential manometer is convenient for measuring the difference 
between the vapor pressure of the solution and that of the pure solvent, 
one arm of the manometer being connected with the solution and the 
other with the solvent. An oil or other liquid of low density is used as 
the manometer liquid, and the difference in vapor pressure is read 
directly on the manometer. Both liquids must be boiled out to remove 
any dissolved air which might later lead to an abnormal pressure. 

In another method a solution containing a nonvolatile solute in one 
dish is allowed to come to equilibrium with a solution of a standard 
substance, such as potassium chloride, in another dish.* The two are 
placed in an enclosed thermostated vessel until there is no further loss 
or gain of weight, and, then, it is known that both solutions have the 
same vapor pressure. The concentration of the potassium chloride 
under these equilibrium conditions is determined with a refractometer, 
or by other means, and its vapor pressure is calculated from a previously 
determined relation between the vapor pressure and the concentration. 
The vapor pressure of the solution which is being measured is equal to 
the calculated vapor pressure of the potassium chloride solution; and 
the concentration of solute in the first solution is determined by chemi- 
cal or physical analysis. 

The gas-saturation method described on page 173 is suitable also 
for determining the vapor pressure of solutions. The loss in weight 
of the solution is determined after bubbling through a known volume 
of an inert gas, or the vaporized solvent is caught in an absorption 
tube and weighed or titrated. Again, more accurate results can be 
obtained with a differential method, because errors involving the abso- 
lute measurements of volume, temperature, and other variables tend 
to cancel out. The measurements are made first on the pure solvent 
and then on the solution. Accurate measurements have been made 
with this method on the lowering of the vapor pressure of the solvent 
caused by addition of the solute. + 

Elevation of the Boiling Point. Since the vapor pressure of a solvent 
is lowered by the addition of a nonvolatile solute, it is obvious that the 
solution must be heated to a higher temperature than the solvent in 


* Robinson and Sinclair, J. Am. Chem. Soc., 56, 1830 (1934). 
+ Washburn and Heuse, J. Am. Chem. Soc., 37, 309 (1915). 
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order that both may have the same vapor pressure. This fact is shown 
in Fig. 62 where the curve for the vapor pressure of the solution is seen 
to cut the line of barometric pressure at a higher temperature than does 
the curve representing the vapor pressure of the solvent. If p is the 
pressure (760 mm) at which both the solvent and the solution boil, 7; is 


760 


E 


Vapor pressure in mm 
S 


500 


Temperature (°C) 


Fie. 62. Elevation of boiling point of a solvent by the addition of a nonvolatile 
solute—a 2.56 molal solution of sodium chloride in water. 


the boiling temperature of the solvent at this pressure, and 7'2 the boil- 
ing point of the solution. 

This elevation of the boiling point T2. — T; or AT, is directly con- 
nected with the change in the vapor pressure p and, accordingly, with 
the change in concentration of the solution. 

By the Clausius—Clapeyron equation (page 177), 


dp = PAHs. 
dt “RT? (3) 


where AH,,), is the heat of vaporization per mole. 


+ Sree 
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For small changes, 


RT? 
AT = 
DAH wan ae (4) 


and, by Raoult’s law (taking p as the vapor pressure of the solvent), 


4p _ im 
p nm + Ng 
Then, 
T2 
a are ie (5) 


Rs An 4 ny 4 ne 


In dilute solutions the change in boiling point is so small that AT’ 
may be substituted for the differential dT in equation 3, but it must be 
remembered that the resulting formula cannot be used over large con- 
centration ranges. Also, in dilute solutions, m2 is negligible in compari- 
son with ny. For example, the neglect of ne in the denominator of 
equation 5 causes an error of 1.8 per cent in a 1-molal aqueous solution. 
Thus, equation 5 becomes 


RY? Ne 
setae Ariat pi, 6) 
Since 
Mm =m 
m 1000 
M, 


where m is the molality of the solution and M, is the molecular weight 
of the solvent, equation 6 becomes 


RT?M, 
pe hy veel | 
Pte OO AHS jp @) 
or 
AT, — Kym (8) 


where Ky is a constant characteristic of the solvent defined by the 
equation: 
RT?M, 


pe aes 
1000AH yan, 


(9) 


These relations show that in dilute solution the elevation of the boiling 
point is proportional to the concentration of the solute, and this direct 
proportionality has been abundantly verified by experiment. 

Ky is called the molal elevation of the boiling point. However, it 
must be emphasized that this molal boiling-point constant is not the 
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actual elevation for a 1-molal solution, for in such a concentrated 
solution the assumptions made in deriving equation 8 would not be 
valid. Rather, Ky, is the limit of AT,/m, that is, the boiling-point 
elevation per mole, as the concentration becomes zero. It may be eval- 
uated theoretically, from the thermodynamic quantities in equation 9 
or experimentally, by measurement of the rise in boiling point produced 
by a small known concentration of a solute whose molecular weight is 
known. The values of K, obtained thermodynamically agree closely 
with those obtained experimentally. 


Example 2. Find the molal boiling-point constant for water, which boils at 
100° with the absorption of 539.7 cal per gram. 


OST 87317 18.02 


= = 0.513 
1000 X (539.7 X 18.02) og 


Ky 


In practical problems where wz grams of solute having a molecular 
weight of Mz is added to w, grams of solvent, equation 8 becomes 


W2 1000 
Af, =Kin= kh, | 
b pm b M, wy (10) 


Example 3. What is the boiling point of a solution containing 90 g of water 
and 2.00 g of cane sugar (molecular weight = 342)? 


we 1000 2.00 _ 1000 
NPE RG = 0. alae) BO seas 
b= Kia OSX oe ppg oe 


Boiling point = 100 + 0.033 = 100.033° 


Experimental Determination of Boiling Points. The importance of 
molecular weights in establishing the formulas of new compounds has 
been discussed in an earlier chapter. Frequently it is impossible to 
vaporize the material for a vapor-density measurement on account of 
thermal decomposition. The molecular weight Mz, may then be de- 
termined from the elevation of the boiling point AJ’, which is produced 
by dissolving the material in a suitable solvent. Calculations are made 
with the help of equation 10. The molal boiling-point constants for 
several solvents are given on page 237. 

Experimental methods for the accurate determination of the eleva- 
tion of the boiling point have been the object of considerable investiga- 
tion. The temperature of the boiling solution and not that of the vapor 
is desired. Therefore the thermometer bulb must be placed directly in 
the liquid. The liquid, however, is likely to become superheated and 
register a temperature considerably above its true boiling point. This 
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difficulty has been overcome by heating the solution locally with elec- 
trically heated wires immersed in the solution. Small bubbles of vapor 
are formed which prevent superheating. 

In another method the vapor from the boiling liquid pumps a mixture 
of liquid and vapor into an inverted funnel just below the surface. 
The mixture then goes upward in a tube which discharges the mixture 
onto the thermometer bulb, placed above the liquid. During the 
passage of the vapor and liquid through this tube the two have oppor- 
tunity to come to equilibrium, and any superheated liquid is cooled by 
further evaporation to the normal boiling point. 

In carrying out these determinations of the boiling points of solutions, 
a weighed quantity of solute is introduced into a weighed quantity of 
solvent. In a better procedure, however, samples are withdrawn and 
analyzed by chemical or physical means. Since the boiling point is 
affected by changes in the atmospheric pressure, the determinations on 
the solution and solvent must be made simultaneously in two pieces of 
apparatus, or over such short periods of time that the barometer fluctua- 
tions are negligible. In accurate work, a barostat may be used to main- 
tain a fixed pressure for all determinations. By automatic regulation 
with an electric circuit, compressed air is admitted into a chamber 
whenever the mercury monometer falls below a predetermined pres- 
sure. The need of these precautions is evident from the fact that a 
change of 0.3 or 0.4 mm changes the boiling point of most solvents by 
0.01°. 

Lowering of the Freezing Point. It has long been known that the 
freezing point of water, or other liquid, is lowered by the addition of a 
solute, and it was pointed out by Blagden more than a century ago 
that the depression of the freezing point is directly proportional to the 
concentration of the solution. The reason for the lowering may be 
understood with the help of Fig. 63. At the freezing point the solid 
and the liquid are in equilibrium and both must have the same vapor 
pressure. If the solid has a greater pressure than the liquid, it will 
distil over into the liquid phase; if the liquid has the greater pressure, 
it will change into the solid. When solid and liquid solvent are in 
equilibrium, and a solute is dissolved in the liquid, the solid solvent 
will disappear if the temperature is maintained constant, but the dis- 
appearance of the solid may be stopped and a state of equilibrium 
established by lowering the temperature. It may be remembered that 
the vapor-pressure-temperature curve of a solid is steeper than that of 
the corresponding liquid because the heat of sublimation of the solid is 
greater than the heat of vaporization of the liquid. At the intersection 
of the two curves, solid and liquid are in equilibrium, and the corre- 
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sponding temperature is the freezing point. The greater the concentra- _ 
tion of the solution, the lower is the vapor-pressure curve and the lower | 
is the freezing point of the solution, that is, the temperature at which 
the vapor curve of the solution intersects the vapor curve of the ice. 


PRT SRR ete eRe 


Vapor pressure in mm 


Temperature (°C) 


Fic. 63. Lowering of the freezing point of a solvent by a solute—a 2.56 molal solu- 
tion of sodium chloride in water. ; 


The quantitative relation between the concentration of the solution 
and the freezing-point depression can be derived as follows: 

Let ps be the vapor pressure of the pure solid solvent (ice in the case 
of water), let p be the vapor pressure of the solution, and let p° be the 
vapor pressure of the pure solvent in the liquid state. The derivation 
is limited to solutions in which the solvent freezes out as a pure solid 
unmixed with the solute. (Most solutions, including aqueous ones, 
freeze in this manner, but in some cases a solid solution is formed, as 
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described on page 326.) By Raoult’s law, which holds in dilute solu- 
tions, 
p = pN, 


where N, is the mole fraction of the solvent. At the freezing point of 
the solution, a state of equilibrium exists, and 


Pe = p= pN1 
Then, differentiating with respect to temperature, we have 


Oe xf 


BT oe aT dT (i) 


Substituting for dp,/dT and dp°/dT in equation 11 their equivalents 
in terms of the molar heat of sublimation of the solid solvent AH,,,, and 
the molar heat of vaporization of the liquid solvent AH,,,,, as given by 
the Clausius—Clapeyron equation, we have 


dps La Re ie d dp? iss Ano? 
aT. RT? aT CORT? 
INS EO AHe aD 0 dN, 
ee ee Nee ——- 12 
RT? hi ean oo 


Remembering that p, = p°N,, canceling out equivalent terms, and 
rearranging, we have 
AE Rae olen, = CNY 


1 
RT? dT 


The molar heat of fusion AH;,.. is equal to the difference between the 
molar heat of sublimation and the molar heat of vaporization. Then, 


iis EM = d\n Ni 
RE ——dT 


(14) 


Integrating between the limits, 7’ corresponding to the freezing point of 
the solution, and 79 corresponding to the freezing point of the pure 
solvent where N; = 1, yields 


Aus, (7 AT 
oS -f. d\n Ny 
Ak 


AHius(To am T) 2s 
RTT A} 


and 
—InNy (48) 
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This is an exact equation for solutions which obey Raoult’s law, pro- | 
vided that the heat of fusion AH;y,. is constant between 7’) and T and © 
that the vapor obeys the simple gas law. 

In a binary solution which contains only one solute and one solvent, 
the mole fraction of the solvent N, is equal to 1 — Ne, where Nz is the 
mole fraction of the solute. In dilute solutions a simplification may be 
made. Expanding by MacLaurin’s series gives 


—InN, = —In (1 — No) = No + $N2? + $N22 + --- (16) 


and, remembering that for small values of Ng the higher powers may 
be neglected as an approximstion in comparison with the first power,* 


we find 
—InN; = —In(l — No) = Noe 


and, substituting into equation 15, 


AH tus.(To idee T) 


Ne 
RToT 


(17) 


If the freezing-point depression 7’) — T is designated by AT; and it 
is remembered that, since Ne is small, 7’) and T are nearly the same, 
equation 17 may be written in an approximate form as 


RTS RT.” = M% 


Alii Ngee Ss 
Alfeg. PMS ORE ny > n2 


(18) 


Equation 18 is like equation 5, except that it applies to the freezing 
point instead of to the boiling point. It can be shown in a manner 
similar to that employed in the case of equation 5 that 


AT; = Kym (19) 
and that 
= eine os 
Viele 1000 ce 
AA tus, x 


1 


where Ky is the freezing-point constant or molal lowering. According 

to these relations, in dilute solutions the lowering of the freezing point 

is directly proportional to the molality mz of the solute, and it is clear 

why the simple proportionality fails in the more concentrated solutions. 
Experimental facts are in agreement with this formula. 


ALOE: example, if Nz = 0.01, the expression becomes 0.01 + $(0.0001) + 
4(0.000001), which is equal to 0.01 within one half of one per cent. 
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Example 4. For water Ky has the value 1.86°, calculated as follows: 


WW BRIN, 1.987 X 273.12 X 18.02 
AH tus X 1000 (18.02 X 79.7) X (1000) 


= 1.860 


Ky 


According to this equation a normal solute added to 1000 g of water will lower 
the freezing point at the rate of 1.86° per mole, but the relation holds only for 
dilute solutions. Even a 1-molal solution is too concentrated, and the depres- 
sion will be something less than 1.86°. In very concentrated solutions the 
behavior may become quite complex. 


The molecular weight can be determined from the freezing-point 
depression by use of the following formula, similar to equation 10, 


we 1000 
AT; = Kp— 
Mz W, 


(21) 


The freezing-point constant like the boiling-point constant may be 
evaluated by direct experiment with a solute of known molecular 
weight. 

The freezing-point constants and boiling-point constants are given 
in Table I for a number of different solvents. 


TABLE I 


Mouau FREEzING-PoInT AND Boitinc-Point CoNsTANTS 


= Freezing Boiling 

ayer Point Ey Point Ko 
Acetic acid 17 3.9 Sales 2.93 
Acetone Bd atc |) ene eee 56.0 eral 
Benzene 5.4 5.12 80.2 2.53 
Chloroform gS al bh PR ie 60.2 3.63 
Ethanol sitive: mee et Ae 78.3 1.22 
Ethylene bromide 10 LOD 0e ae Laat 
Ethyl ether Pet srh nd L2lleates fonts 34.4 2.02 
Heptachloropropane 29.5 12 ORM set .fye8 
Naphthalene 80 OnSs ol ule vrae, ae 
Tribromophenol 95 PAU ental live Ineo one Fae 
Water 0 1.860 100 0.51 


Equation 15 may be written in the form 


Ne faln tol 
inv, = —— (== (22) 
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where 7p is the freezing point of the solvent, 7 the freezing point of 
the solution, and N, the mole fraction of the solvent. As such, it finds 
application in the study of solutions. When log Nj is plotted against 
1/T, a straight line is produced if the heat of fusion is independent of 
temperature, if the solution is ideal, and if the solid separates as a pure 
component. 

Experimental Determination of Freezing Points. Freezing-point de- 
pressions can be determined with great accuracy. Measurements 
of moderate accuracy may be made 
easily with simple apparatus. The 
freezing points of the pure solvent 
and the solution are determined with 
an accurate thermometer. A tube 
containing the solution is jacketed 
and immersed in a bath of ice and 
salt. It is provided with a stopper 
through which an efficient ring 
stirrer, encircling the thermometer, 
is operated with a vertical movement. 
The temperature gradually falls until 
the solid appears, and the first steady 
temperature is recorded as the freez- 
ing point. The concentration of the 
solution in equilibrium with the solid 
solvent is determined by analyzing 
LN Lek CSE aeeines ae eters method, the so- 
the freezing-point lowering by a : : Z 

Slates lution is made up to a known ccn- 

centration by direct weighing of the 

solute and solvent, but, if much of the solvent freezes out, the con- 

centration will be different at the time the thermometer reading is taken. 

This difficulty is accentuated by supercooling which leads to the 
freezing out of a considerable quantity of solvent. 

The most accurate results are obtained with two vacuum-jacketed 
vessels placed in an ice bath and partly filled with cracked ice, as shown 
in Fig. 64. One vessel contains solvent; the other solution. The dif- 
ference in temperature is measured to one ten thousandth of a degree 


with a multiple-junction thermoelement and sensitive potentiometer. 


The two liquids are stirred vigorously, and the concentration of the 
solution in equilibrium with the ice is determined accurately by chemi- 
cal analysis or by physical measurements, for example, with a refrac- 
tometer. 


rete tet 
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Table II gives a series of results on aqueous solutions of mannitol 
measured in this way. The close agreement between observed depres- 
sions and the depression as calculated by equation 20 lends proof to 
the validity of the freezing-point laws. 


TABLE II 


LowERING OF FREEZING Point oF WaTER By Mannirou ! 


Moles per 
1000 g H.0 AT; (obs) ATs (calc) 
| 

0.00402 0.0075 0.0075 
0.00842 0.0157 0.0156 
0.01404 0.6260 0.0261 
0.02829 0.0525 0.0525 
0.06259 0.1162 0.1162 


1 Adams, J. Am. Chem. Soc., 37, 481 (1915). 


Osmosis. Closely related to the lowering of the freezing point 
and the lowering of the vapor pressure is the phenomenon of osmosis, 
that is, the passage of a solvent through a membrane from a dilute solu- 
tion into a more concentrated one. This phenomenon was first ob- 
served in 1748 by Abbé Nollet. If sufficient pressure is applied to the 
more concentrated solution (by means of a piston, a column of mercury, 
or a column of the solution) the passage of solvent will reverse its direc- 
tion. The extra pressure which must be applied.to the solution in order 
to prevent the osmotic flow of pure solvent into the solution is known 
as the osmotic pressure of the solution. 

Many theories have been proposed to explain the passage of solvent 
through a semipermeable membrane from a dilute solution to a more 
concentrated one. The semipermeable membrane is a barrier so con- 
stituted that the solvent can pass through the membrane, but the dis- 
solved material cannot pass. From a thermodynamic standpoint the 
solvent merely moves from a region where its escaping tendency is 
large (its vapor pressure is high) to a region where its escaping tendency 
is small. The presence of the dissolved material lowers the escaping 
tendency of the solvent, and the greater the concentration, the greater 
is the lowering. 

A simple illustration is offered by putting a dish containing pure 
water and one containing a solution of sugar or other material into an 
empty desiccator, and immersing it in a thermostat. After standing, 
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the level of the solution will rise, and that of the pure water will fall, 
owing to the diffusion of the water vapor from the pure solvent, where 
the vapor pressure is high, to the solution, where the vapor pressure is 
relatively low. 

One of the ways in which a semipermeable membrane may function 
is shown schematically in Fig. 65. Very small passages exist in the 
semipermeable membrane, so small that the liquids are kept from 
flowing through by surface tension, even 
if a large hydrostatic pressure is applied. 
But the solvent molecules can still pass 
through in the vapor phase as individual 
molecules, and there will be a steady mi- 
gration from the solvent to the solution as 
indicated by the arrows representing vapor 
pressures—the heavier arrow indicating 
the higher vapor pressure of the solvent. 
The solute cannot pass through by this 
mechanism since it is nonvolatile. That 
this mechanism is possible has been proved 
by the osmosis which occurs when a solu- 
tion is separated from a solvent by a glass 
tube containing many infinitesimal cracks. 

Many semipermeable membranes are 

: more complex than these systems of min- 
permeable membrane with ex- ; : 5 - 
aggerated pores showing pas- Ute passages which permit the diffusion of 
sage of solvent in gaseous state. gases but do not permit the diffusion of 

liquids. Animal membranes and certain 
gelatinous materials offer a medium for the diffusion of water but not 
for the diffusion of the solute. Solubility of the solvent in the membrane 
provides another way in which a semipermeable membrane may oper- 
ate. For example, if a rubber membrane separates a solution of sugar 
in pyridine from pure pyridine, the pyridine dissolves in the rubber and 
passes through it from the solvent into the solution. 

Ostwald demonstrated theoretically that the pressure due to osmosis 
must be independent of the nature of the membrane employed in 
measuring it. Thus, in Fig. 66, A and B represent two different semi- 
permeable membranes in an imaginary apparatus. If the nature of 
the membrane has any influence on the osmotic pressure, the osmotic 
pressure Pg may be imagined greater than the osmotic pressure P4. 
Under this condition the flow in the compartment between the mem- 
branes will be to the left from B to A, and the solvent may be returned 
to the right through a turbine which may be made to do mechanical 


Fie. 65. Hypothetical semi- 


Apri 
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work. After being returned to the compartment at the right, it will 
flow into the solution and,-thence, through the cycle repeatedly. But 
such an arrangement would be a means of producing energy at constant 
temperature in a cyclic process. Since such perpetual motion is con- 
trary to experience, the premise of two different membranes must be 
wrong, and it is concluded that all semipermeable membranes give the 
same osmotic pressure. 

In actual practice different membranes may appear to give different 
hydrostatic pressures, but, if sufficient time is allowed for the attain- 
ment of equilibrium, and if the membrane does not leak, the pressures 


Solvent 


Fie. 66. Hypothetical experiment proving that the osmotic pressure is not affected 
by the nature of the semipermeable membrane. 


ultimately will be the same. The nature of the membrane and its area 
determine how rapidly osmosis occurs but not the osmotic pressure at 
equilibrium. If any solute diffuses through the membrane, the mem- 
brane is not truly semipermeable. Examples of dialysis where certain 
solutes diffuse through and others do not are discussed later (page 527). 

Osmotic Pressure. The first direct measurements of osmotic pressure 
were made by the botanist, Pfeffer, in 1877. Using a mercury manom- 
eter he was able to measure the hydrostatic pressure generated in a 
solution by the osmotic flow of water through a semipermeable mem- 
brane into a solution of sugar. Pfeffer’s results are given in Tables III 
and IV. The approximate volume of solution holding 1 g of cane sugar 
is given under v, the osmotic pressure in atmospheres under P, and the 
absolute temperature under 7’. 

The significance of Pfeffer’s measurements was first perceived by 
van’t Hoff,* who pointed out the existence of a striking parallelism be- 
tween the properties of gases and the osmotic properties of solutions. 
As shown in Table III, the product Pv is a constant, just as it is for 


*Van’t Hoff, Z. phystk Chem., 1, 481 (1887). 
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gases according to Boyle’s law. As shown in Table IV, the pressure is 
proportional to the absolute temperature just as it is for gases; that is, 
P/T = constant. 


TABLE III 
RELATION oF Osmotic PressuRE TO CONCENTRATION AT 287° K 
v ie 
(eat abpecataamel he 
100 0.70 70 
50 1.34 67 
25 2.74 68 
16.5 4.10 68 
TABLE IV 


RELATION oF Osmotic PRESSURE TO TEMPERATURE 


Approximately 1 g per 100 ml of solution 


T Pe 


@K) | Gim) |  ?/* 


273.0 0.649 0.00238 
279.8 0.664 0.00237 
286.7 0.691 0.00241 
288 .5 0.684 0.00237 
295.0 0.721 0.00244 
305.0 0.716 0.00235 
309.0 0.746 0.00241 


Moreover, the two relations may be combined to give the same 
constant # as is obtained for gases, 


g 
Pv = nRT = — RT 2 
7 (23) 


where P is osmotic pressure, v is the volume of the solution, and g is 
the weight of solute having molecular weight M. 


Example 5. From Pfeffer’s data in Table IV, it is seen that 1 g in 100 ml or 
1 mole (342 g) in 34.2 liters gives an osmotic pressure of 0.649 atm at 0°. 
Then, 
Pv _ 0.649 X 34.2 


Sar: 273 


= 0.0813 liter-atm per degree 
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Within the limits of the experimental error, this is the same as the gas constant 
R, namely, 0.08205, and the standard equation used for making calculations on 
gases can thus be used for calculating approximate osmotic pressures. 

Example 6. If 2.00 g of sugar having a molecular weight of 342 is dissolved 
in 50 ml of solution at 25°, what will be the osmotic pressure? 


‘gee RT _ 2.00 X 0.08205 X 298.1 


~M » 342 X 0.0500 Pasion 


In concentrated solutions equation 23 fails to give accurate results 
just as the simple gas laws fail to apply when the gases are placed under 
high pressure. One correction which helps considerably in the case of 
gases is the subtraction from the total volume of a term to allow for 
the volume of the molecules themselves, designated in the case of gases 
by the term 6 in van der Waals’ equation. A similar correction helps 
also in calculating the osmotic pressure of concentrated solutions. Thus 
Berkeley and Hartley * measured the osmotic pressure of sugar solu- 
tions at 0° and found, for example, that in a solution containing 660.5 g 
of sugar per liter (nearly 2-molar) the experimentally determined osmotic 
pressure at 0° was 100.8 atm, and the value calculated by equation 23 
was 51.2 atm. However, if the effective volume is taken as the volume 
of the solution minus the volume of the sugar, the calculated osmotic 
pressure is about 75 atm. In general, somewhat better results can be 
obtained in calculating osmotic pressures of concentrated solutions if 
the volume is taken as the volume of the solvent rather than the vol- 
ume of the solution. In aqueous solution, this is equivalent to taking 
the volume as that of the solvent which contains 1 mole, that is, the 
reciprocal of the molality. In dilute solutions, of course, there is no 
difference between the volume of the solvent and that of the solution, 
and equation 23 is then adequate. 

The discrepancy between experiment and theory in concentrated 
solutions is not peculiar to osmotic pressure. Ideal solutions are rare, 
and we have to accept the fact that the behavior of concentrated solu- 
tions is too complicated to be explained by the simple laws which we 
have thus far developed. Undoubtedly the nature of the solvent itself 
is affected by the presence of a high concentration of solute. 

Osmotic pressure has been measured up to 250 atm, a tube of porous 
porcelain material being used as the semipermeable membrane, in the 
pores of which is deposited a precipitate of copper ferrocyanide. The 
solvent is placed inside the tube which in turn is surrounded by the solu- 
tion in a gun-metal tube. When solvent passes through this semi- 
permeable membrane, the volume decrease is registered on a capillary 


* Berkeley and Hartley, Trans. Roy. Soc. (London), A 206, 481 (1906). 
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tube. Pressure is applied sufficient to prevent this osmotic flow and 
maintain constant the level of the solvent in the capillary tube. This 
pressure is the osmotic pressure. 

Comparison of Experimental Methods. The four properties of 
solutions which have just been studied, vapor-pressure lowering, boil- 
ing-point elevation, freezing-point depression, and osmotic pressure, 
are closely connected. The freezing-point depression can be measured 
most accurately and most easily, whereas the osmotic pressure can be 
measured least accurately and only with difficulty. The freezing-point 
method is limited to low temperatures where the solubility is often 
small. The boiling-point readings may be seriously affected by fluctua- 
tions in the barometric pressure, and, in water, the molal elevation is 
only about one third as great as the freezing-point depression. The 
temperature range is limited in both the boiling-point and the freezing- 
point method. The vapor-pressure lowering is adaptable to different 
temperatures and capable of high accuracy, but it requires more elab- 
orate apparatus. Osmotic pressure was extensively used in the early 
development of the theory of solutions, and it is important historically, 
but at present the concept of vapor-pressure lowering is much more 
useful in the theoretical treatment of solutions. 

Free Energy of Dilution. The properties of a system are conven- 
iently and quantitatively defined in terms of energy. In the study of 
solutions, for example, the free energy of dilution is a useful thermody- 
namical quantity. The free energy of dilution may be calculated by 
means of formula 24, which holds true at constant temperature for a 
system doing no work other than expansion work, as shown on page 152. 


dF = vdp (24) 


A large reservoir of solution having a vapor pressure p is placed 
near a reservoir of pure solvent having a vapor pressure p°. The tem- 
perature T' is kept constant throughout. One mole of solvent is vapor- 
ized from the solution by keeping the pressure infinitesimally less than 
p. The quantity of solution is so great that the removal of 1 mole of 
solvent does not appreciably increase the concentration of the solution. 
Since the process is carried out reversibly at constant temperature and 
pressure, the free-energy change for process I is zero. 

(I) 1 mole of solvent in solution > 1 mole solvent as vapor: 


AF =0 


The mole of vapor is placed in a cylinder provided with a piston and 
compressed reversibly (that is, by infinitesimal increases of pressure) 
until its pressure is p®. This process may be written as process IT. 
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(II) 1 mole of solvent as vapor at pressure p — 1 mole of solvent as 
vapor at pressure p°: 


0 es » RT p° 
F -P=ar=f[ Vap =f —dp = RT In— 
Dp Dae? Pp 


where F° is the free energy of 1 mole of the vapor at pressure p°, and F 
is the free energy at pressure p. 

This mole of solvent vapor is then added reversibly to the reservoir 
of pure solvent by applying an external pressure infinitesimally greater 
than p®. The process may be written as process III. 

(III) 1 mole solvent as vapor at vapor pressure p° — 1 mole solvent 
as liquid: 

AF = 0 


All the steps are carried out isothermally and reversibly, and the total 
change of free energy involved in the transfer of 1 mole of solvent from 
solution to solvent is P 
AF = RT In — (25) 
Pp 


This value of AF for the transfer is applicable, regardless of how the 
transfer is carried out. 

This formula can be used equally well for transferring a mole of solvent 
from a solution of one concentration c; having a vapor pressure p; to a 
solution of another concentration cg having a vapor pressure po. Thus, 


AF = RT hie (26) 
P1 
Moreover, these formulas are not limited to the solvent. They may 
be applied to any volatile material in the solution whether called solvent 
or solute. 
Tn ideal solutions where the vapor pressure of the volatile component 
is proportional to the mole fraction N, the equation is written thus: 


N2 
AF = RT ln — (27) 
M1 

In very dilute solutions where Raoult’s law applies or in any ideal 
solutions, the vapor pressures are proportional to the concentration of 
the solute; thus, 


C2 
AF = RT ln— (28) 
Cy 
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Example 7. What is the free energy of dilution involved when 1 mole of a 
volatile solute in a 0.01 molal aqueous solution at 25° is mixed with enough 
water to give a 0.001 molal solution? 


001 
AF = RT In“ = 1.987 X 298.1 x 2.303 X log oot — _ 1364 cal 


0.01 


The negative sign indicates that the process of dilution is spontaneous. The 
reverse process in which the solute becomes more concentrated would not occur 
spontaneously as explained on page 157. AF would have a positive sign. 


It has been shown that the four properties, vapor-pressure lowering, 
boiling-point elevation, freezing-point depression, and osmotic pres- 
sure, may be readily calculated for dilute solutions, but that the simple 
formulas fail when applied to concentrated solutions. It is a necessary 
consequence of thermodynamics, however, that at a given temperature 
the deviations from ideal solutions are the same in all the different 
properties. For example, if the vapor-pressure lowering is known, the 
osmotic pressure may be calculated with exactness, even in concen- 
trated solutions where Raoult’s law does not hold and where the osmotic 
pressure cannot be calculated from the gas laws. These relations follow 
from the fact that the free energy of dilution is the same, no matter 
whether it is effected by evaporation, by freezing, or by application of 
pressure through a semipermeable membrane. 

The free energy of transfer of a mole of solvent from solution to 
solvent is given by equation 25. The transfer of solvent may be effected 
also by osmosis. A large quantity of the solution is placed in a cylinder 
provided with a movable semipermeable membrane for a piston, and 
the pressure is slowly increased from atmospheric pressure to P + 1, 
where P is the osmotic pressure. The free-energy change for this step 
is obtained by integration of equation 24; if the liquid is incompressible, 
we have 


P-+-1 
AF si V1 WP = 4P 
1 


where 2; is the volume of the solution. 

Then the pressure is increased infinitesimally, and solvent passes 
through the semipermeable membrane, because extra pressure on the 
solution is slightly greater than the osmotic pressure P. The free- 
energy change in this step is zero since this is an isothermal reversible 
process in which the pressure on each phase is kept constant. 

After 1 mole of solvent has been forced out,* it is taken from the 


* It is assumed here that the molecular weight is the same in the liquid and gaseous 
states. If it is not, sufficient liquid is removed to produce 1 mole of vapor. 
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cylinder, and the pressure on the remaining volume of solution v2 is 
slowly reduced to 1 atm. 
AF = —v2P 
The total change in free energy is 
AF = (vy, — v2)P = V'P (29) 


where V’ or (v1 — vg) is the partial molal volume of the solvent. It is 
very nearly equal to the volume of 1 mole of the pure solvent and may 
be taken as such in most calcuiations. 

Combining equations 25 and 29 yields 


0 
BY =REIn = 
Pp 
RI pe 

|r eas eee (30) 
V’ Dp 


With this formula it is possible to calculate the osmotic pressure of a 
solution, from the vapor pressures of the solvent and the solution, and 
the molar volume of the solvent. At high concentrations, where the 
osmotic pressures calculated by the simple gas law (equation 23) are 
in error by more than 30 per cent, the values calculated by equation 
30 check with the observed values within less than 1 per cent. 


Ezample 8. Calculate the osmotic pressure of a 1M sucrose solution in water 
from the fact that at 30° the vapor pressure of the solution is 31.207 mm. The 
vapor pressure of water at 30° is 31.824 mm. The density of pure water is 
0.99564. 


RT, 7° 
ie => Vv ssi 
18.02 
/ => CS > 
= 9.99564 18.10 ml or 0.01811] 
0.08205 & 2.303 31.824 
se) 0.0181 (tog oe) mgr 
= 26.93 atm 


Equation 30 can be used also for deriving formula 23. For ideal 
solutions or dilute solutions, where Raoult’s law holds, 


p = pM 
where JN, is the mole fraction of the solvent. Then, 


0 
(iL sesieinyy, oy (31) 


?p 
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Since N, is equal to 1 — No, where No is the mole fraction of the 
solute, 
In N;, = In (1 — No) (32) 


Then substituting into equation 30 gives 


RT 
P= -salgel UN) (33) 
Ve 
Expanding in a series, we have 
RT Ej. wk ) 
= =~ ~ No? +--+: 34 
Ie = (Na+ 52 T3 2 (34) 


When Nz is small, higher powers may be neglected, and 
PV = Noted (35) 


But No = n2/(n1 + nz), and in dilute solutions Ng = n2/n,, where 
No is the number of moles of solute and n; the number of moles of sol- 
vent. Therefore, 


PV'n, = noRT (36) 


Setting v, the volume of the dilute solution containing nz moles of 
solute equal to the volume of the solvent, V’n; (that is, to the volume of 
1 mole of solvent X the number of moles of solvent) gives 


Pv = noRkT (37) 


This is equivalent to equation 23, discovered experimentally, and it is 
evident from the approximations introduced why it cannot hold for 
concentrated solutions. 

Dissociation of Solutes. If the nonvolatile solute is broken down into 
smaller nonvolatile units in solution, the effect on the vapor pressure 
and other related properties will be increased. Van’t Hoff pointed out 
that dilute aqueous solutions of most inorganic acids, bases, and salts 
give abnormally large osmotic pressures, whereas dilute solutions of 
sugar and many organic substances give osmoti¢ pressures in close 
agreement with the values calculated with the simple law PV = RT. 
He found that by introducing an additional term 7 he could obtain 
agreement with experimental values using the formula: 


PV =iRT (38) 


At first 7 was regarded as a constant, but it was soon found that it 
decreases as concentration of the solute increases. The value of 7 may be 
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determined for any solution by comparing the osmotic pressure or any 
of the related properties of the solution with these properties as meas- 
ured for a normal solute such as sucrose. Thus 
We Ap pay Ae AT, 
SS SC = 
Po (Ap)o (ATy)o (AT d)o 


(39) 


where the subscript zero refers to the solution of a normal solute. The 
vapor-pressure lowering Ap is equal to Pgoivent — DPsolution- 
The abnormal behavior of salts is easily observed in the depression of 


: : ; : AT; . 
the freezing points of solutions. Since for a normal solute —Sis 1.86, 
m 


= Se - 1.86. Usually the molal freezing point depressions AT;/m 


are considerably greater than 1.86. 
The data are shown graphically in Fig. 67 where it is seen that 7 ap- 
proaches the values 2, 3, and 4 at infinite dilution. It is evident that the 


1.0 


0 0.02 0.04 0.06 0.08 O01 0.2 
Molality 


Fig. 67. Values of 7 extrapolated to infinite dilution for electrolytes of different 
valence types. 


depressions are considerably greater than those of normal solutes such as 
sucrose or mannitol. For a given solute they increase as the concentra- 
tion is decreased and, at infinite dilution, approach definite limits which 
are multiples of the normal depression 1.86°. Thus, with solutions of 
KCl and MgSOx,, the molal depression approaches the value 3.72° (or 
2 X 1.86°) as the solutions are diluted, while the respective limits toward 
which the molal depressions of solutions of K,SO,4 and K3Fe(CN)¢, tend 
are 3 X 1.86° and 4 X 1.86°. 

These facts, together with numerous other properties of dilute solu- 
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tions of acids, bases, and salts, find their most satisfactory explanation 
in the theory of electrolytic dissociation. 

Arrhenius’ Theory of Electrolytic Dissociation. In 1887 Arrhenius * 
proposed the theory that aqueous solutions of acids, bases, and salts 
are dissociated, to a greater or less extent, into positively and negatively 
charged particles or ions, and that the increase in the number of dis- 
solved units due to this dissociation is the cause of the enhanced osmotic 
pressure. These ions, like the original solutes from which they come, 
are nonvolatile. Arrhenius strengthened this theory greatly by point- 
ing out that substances which give abnormal osmotic effects yield solu- 
tions which conduct the electric current, whereas solutions of such sub- 
stances as cane sugar, urea, and alcohol, which exert normal osmotic 
pressures, do not conduct electricity any better than the pure solvent. 
In other words, only electrolytes + are capable of undergoing ionic dis- 
sociation, and exhibiting abnormally large osmotic pressures and related 
effects; hence Arrhenius termed the hypothesis the electrolytic dissocia- 
tion theory. When electrically charged electrodes are introduced into 
the solution, the positive ions move toward the negative electrode, and 
the negative ions move toward the positive electrode, the passage of a 
current through the solution consisting in the transfer of electric charges. 
The relation between electrical conductance and the degree of ioniza- 
tion is discussed on page 483. 

The chemical properties of an ion are very different from the prop- 
erties of the corresponding atom or molecule. For example, sodium 
ions are stable in an aqueous solution of sodium chloride, whereas 
sodium atoms in the electrically neutral condition react violently with 
water, evolving hydrogen and forming a solution of sodium hydroxide. 
Chlorine in such compounds as CHCls, CCly, is not precipitated by 
silver nitrate, since these compounds are not dissociated by water. 

Arrhenius pointed out further that the multiples of the normal freez- 
ing-point depression at infinite dilution, such as are shown in Fig. 67, 
are identical with the number of ions into which a molecule of solute 
can dissociate. Thus KCl can dissociate into two ions, KT and Cl-, 
and at infinite dilution the depression is just twice the normal value. 
In other words, 7 is 2. For KySO, three ions are possible, 2K* and 
SO,” ; thus 7 has a value of 3 at infinite dilution. Likewise MgSO, gives 
two ions, and K3Fe(CN). gives four ions, 3KT and Fe(CN),=. This 
explanation of Arrhenius has been abundantly verified. 


* Arrhenius, Z. physik Chem., 1, 631 (1887). 

} The term electrolyte strictly refers to the solution of an ionized substance, although 
it is often applied to acids, bases, or salts, because, when dissolved, they produce 
electrolytes. 
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Example 9. The freezing point of a 0.01 molal solution of barium chloride 
is —0.050°. What is the approximate vapor pressure of the solution at 25° if 
the vapor pressure of pure water is 23.756 mm? 


ES AT la 0.000, oe 
(ATH), $20 0lOSS6e a7 
ED 0.01 

Ap =i 2 = 2.7 oy 23-756 = 0.0115 

18.02 


p = 23.756 — 0.0115 = 23.744 mm 


Further discussion of the constant 7 and the influence of concentra- 
tion on the behavior of electrolytes is deferred until page 508. 
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PROBLEMS 


1. The vapor pressure of a solution containing 13 g of solute in 100 g of H2O 
at 28° is 27.371 mm. Calculate tiie molecular weight of the solute. The vapor 
pressure of water at this temperature is 28.065 mm. Ans. 92.3. 

2. Purified nitrogen gas is slowly bubbled through a solution of 3.000 g of a 
nonvolatile organic compound dissolved in 200 g of benzene and then bubbled 
through pure benzene. The solution is found to be 2.1540 g lighter, while the pure 
benzene suffered a loss in weight of 0.0160 g. What is the apparent molecular weight 
of the dissolved substance? Ans. 157. 

3. If 68.4 g of sugar (molecular weight = 342) is dissolved in 1000 g of water, 
what are (a) the vapor pressure, and (b) the osmotic pressure, at 20°? (c) What is 
the freezing point? (d) What is the boiling point? The density of the solution at 
20° is 1.024. The vapor pressure of water at 20° is 17.363. The heat of vaporization 
of water is 539 cal per gram, and the heat of fusion is 79.6 cal per gram. 

Ans. ‘a) 17.30mm. (6) 4.6l atm. (c) —0.372°. (d) 100.103°. 

4. Ten grams of benzene, 10 g of toluene, and 10 g of naphthalene are added 
together to give a homogenous solution. If it is assumed that the solution is ideal, 
how many grams of toluene will be vaporized by passing through 10 liters of air at 
30° if the vapor pressure of toluene at this temperature is 36.7 mm, that of benzene 
is 118.5 mm, and that of naphthalene is negligible? ; Ans. 0.617 g. 

5. Solutions of hydrogen chloride in chlorobenzene obey Henry’s law. In dilute 
solutions, 


K = © = 0.438 
m 


where p: is given in atmospheres and m is molality. What is the partial pressure of 
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HCl in mm of hydrochloric acid over a 1 per cent by weight solution of HCl in 
chlorobenzene? Ans. 93.2 mm. 

6. An aqueous solution of maltose at 25° has a vapor pressure of 23.476 mm 
whereas pure water has a vapor pressure of 23.756 mm. What is the osmotic pressure 
of the solution? Ans. 16.11 atm. 

7. When cells of the skeletal muscle of a frog were placed in a series of sodium 
chloride solutions of different concentrations, it was observed microscopically that 
the cells remained unchanged in 0.7 per cent NaCl solution but shrank in more con- 
centrated solutions and swelled in more dilute solutions. Calculate the osmotic 
pressure of the cell protoplasm at 25°. Ans. 5.91 atm. 

8. Show that the free energy of mixing of two liquids which form a perfect solu- 
none AF = mRT ln No + MRT In Ny 

9. Calculate AF for the mixing of 1 mole of benzene and 1 mole of toluene, to give 
an ideal solution at 25°. Ans. —822 cal. 


10. Given a 0.01 molal solution of urea in water at 25°, calculate (a) the boiling 
point of the solution. 

(b) The vapor pressure of the solution if the vapor pressure of pure water is 23.756. 

(c) The osmotic pressure (assuming that the density of the solution is practically 
1.0). 

11. On the basis of Raoult’s law and the relation that the vapor pressure of the 
solvent in solution is proportional to the mole fraction of the solvent, show that 
Ap/p = n2/n1. 

12. Calculate the vapor pressure of a 15 per cent solution of urea NH2CONHp at 
25°. The vapor pressure of water at this temperature is 23.756. 

13. (a) If 10 g of phenol added to a given quantity of benzene lowers the freezing 
point of benzene X°, how many degrees (in terms of X) will 20 g lower it if the solu- 
tions are ideal? 

(b) The boiling point of a certain solvent is B°, and the boiling point of a solution 
of this solvent containing 10 per cent by weight of a nonvolatile solute is B + Y°. 
Calculate in terms of B and Y the boiling point of a solution containing 20 per cent 
by weight of the solute, assuming an ideal solution. 

14. Calculate the freezing-point depression of water produced by dissolved air in 
equilibrium with air (79 per cent nitrogen, 21 per cent oxygen) at 1 atm. At 0°, 
100 g of water dissolves 4.49 ml of oxygen and 2.35 ml of nitrogen when the pressure 
of each gas is 1 atm. 

15. Calculate the freezing point of a solution of 20 g of naphthalene CyoHs in 80 g of 
heptachloropropane, C3HCly. 

16. When 1.4511 g of dichloroacetic acid is dissolved in 56.8699 g of carbon tetra- 
chloride, the boiling point is increased 0.518°. The boiling point of carbon tetra- 
chloride is 76.75°, and its heat of vaporization is 46.5 cal per gram at the boiling 
point. What is the molecular weight of the acid? How can the discrepancy be 
explained? 

17. Calculate the change in free energy involved when a mole of water is trans- 
ferred (by isothermal distillation) at 25° from pure water to a large quantity of a 
9.9 per cent glycerol solution which has a vapor pressure of water amounting to 
23.300 mm. The vapor pressure of pure water is 23.756 mm. 

18. Human blood freezes at —0.56°. (a) What is its osmotic pressure at 37°? 
(b) What is the free-energy change when one mole of water is evaporated from this 
blood? 
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19. A certain number of grams of a given substance in 100 g of benzene lowers 
the freezing point by 1.28°. The same weight of solute in 100 g of water gives a 
freezing point of —1.395. If the substance has its normal molecular weight in 
benzene and is completely dissociated in water, into how many ions does a molecule 
of this substance dissociate when placed in water? 


20. The vapor pressure of water at 25° is 23.756 mm. Calculate the vapor pressure 
of solutions containing (a) 6.01 g of urea NHeCONHpg, (0) 0.94 g of phenol CsH;OH, 
and (c) 6.01 g of urea + 9.4 g of phenol per 1000 g of water, assuming no chemical 
action between the two substances. (d) Calculate (c) assuming that a stable com- 
pound is formed containing 1 mole of the urea to 1 mole of phenol. 

21. Using in part data from an earlier chapter, calculate the boiling point of a 
solution containing 10 g of heptachloropropane in 100 g of carbon tetrachloride, 
assuming that the heptachloroprepane is nonvelatile. 

22. (a) How many grams of methanol CH30H must be added to a 10-liter tank 
of water to prevent freezing at —5°? (b) How many grams of calcium chloride 
CaCl, assuming complete dissociation and no interaction? (c) How many grams of 
glycol (CH20H)2? 

23. Derive an equation which relates the elevation in the boiling point of a liquid 
by the addition of a nonvolatile solute to the corresponding lowering of the vapor 
pressure. 

24. Ten grams of benzene vaporizes isothermally from a solution containing an 
equimolecular mixture of benzene and diphenyl and condenses in a large amount of 
solution of benzene and nitrobenzene in which the mole fraction of benzene is 0.1. 
Calculate the change in free energy at 25°, assuming that both solutions are ideal. 

25. (a) What molal concentration of solutes at 20° is required to raise by osmosis 
a column of solution having a density of approximately 1.0 to a height of 100 ft? * 

(b) What is the vapor pressure of the solution at 20°? The vapor pressure of 
pure water at 20° is 17.363. 

26. The total vapor pressure of a solution containing 3 per cent by weight of 
ethanol CoH;OH in water is 760 mm at 97.11°. The vapor pressure of pure water 
at this temperature is 685 mm. Using Raoult’s law and Henry’s law, calculate the 
partial pressure at 97.11° of ethanol and water over a solution containing 0.02 mole 
fraction of ethanol. 


27. By combining Raoult’s law, the Clausius-Clapeyron equation, and Trouton’s 
rule, show that the boiling point 7's of a dilute solution of a nonvolatile solute and 
the mole fraction of solvent N.4 are related by the approximate equation: 


NaTpl/® = constant 


* The rise of the sap in a tall tree is not to be attributed entirely to osmosis. 


CHAPTER XII 
CHEMICAL EQUILIBRIA 


The Law of Mass Action. The idea of the reversibility of chemical 
reactions seems to have been first stated clearly in 1799 by C. Berthollet, 
while he was acting as scientific adviser to Napoleon in Egypt. He 
noted the deposits of sodium carbonate in certain salt lakes and con- 
cluded that they were produced by the high concentration of sodium 
chloride and dissolved calcium carbonate, the reverse of the laboratory 
experiment in which sodium carbonate reacts with calcium chloride to 
precipitate calcium carbonate. 

In 1862 the influence which the concentration of alcohol and acetic 
acid have on the amount of ethyl acetate formed was reported by 
M. Berthelot and St. Gilles. 

_ These investigations and others led Guldberg and Waage to state the 
mass law according to which the rate of a chemical reaction 1s propor- 
’ tional to the active masses of the reacting materials. They realized clearly 
that the important factor is not the quantity of reactants but the quan- 
tity of reacting material per unit of volume. They defined active mass 
as the molecular concentration. The mass law has come to be the 
foundation of much of our quantitative formulation of rates of chemical 
reaction and chemical equilibria. If we use concentrations in moles per 
liter in our modern formulas, the results are not exact, but, if we use 
activities which are defined arbitrarily, our calculations are accurate. 
In general, a reversible reaction may be written 


A+B+-:- =G+H+--- (1) 


and the concentrations ¢ of each constituent in moles per liter may be 
written c4, Cg, Cg, cx. According to the mass law, the speed with which 
A and B react depends on the concentrations of A and B. Then, 


Ratetorward reaction © C4CB OF Rateorward reaction — kycacp 


where k, is the specific rate constant. The rate is greatest when A and 
B are first mixed together, and it gradually decreases as these reactants 
are used up. 
The products of the reaction, G and H can react in the reverse reac- 
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tion to give A and B, and the rate of this reaction also depends on the 
concentration of Gand H. Then, 


Raterevenss reaction — kocecu 


When more than 1 mole of a single substance is involved in the 
equation of a reaction, the number of moles must be considered in 
the mass law because the reaction rate depends on the number of col- 
lisions. Thus, if the reaction involves 2A + 1B, the collisions of 1 mole 
of A with a second mole of A will be as frequent as with a mole of B and 
so the rate expression will be kyc4c4cp or 


Rate = kica7cp 


In the more general equation, each of the substances in the equation 
has a coefficient, 1, 2, or 3, etc., and equation 1 may be rewritten 


Fe a) erie Cty 1 ie as (2) 


showing that a moles of A and b moles of B react to give g moles of G 
and h moles of H. At equilibrium, 


Ratejorward reaction — Ratescveme reaction 


kyca°cp” = kocg®cy"- 
and , 
CE ty ky 
a,_6 ok sachet Ke (3) 
c4°CB kg 


where K, is a constant defined as the equilibrium constant expressed 
in concentrations. Concentrations are usually given in moles per liter. 
A more rigorous derivation for the equilibrium constant is given by 
means of thermodynamics on page 269. It can be shown that equa- 
tions 3 and 4 are strictly true only for ideal dilute solutions and ideal 
gases. 

Equilibrium Constants. In the study of equilibria in solutions K, is 
widely used, but in various equilibria the concentration of the gases is 
frequently given in terms of the partial pressures p of the gases. Since, 
at any one temperature, the partial pressure p of an ideal gas is propor- 
tional to its concentration c in the gas phase, we may write equation 3 
in the following manner: 

7 poe py”: ++ 


K. 
. Pa"pp’-- 


(4) 


where K, is the equilibrium constant expressed in partial pressures. 
Unless otherwise specified, the pressures are given in atmospheres. 
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The values of K, can be easily converted into K, because ¢ = 1/v 
= p/RT where c is expressed in moles per liter or in the reciprocal of 
the number of liters containing one mole, and p is expressed in atmos- 
pheres. Substituting these values of ¢ into equation 3, we have 


(2 \z ) 
RT/ \RT 1 \@t)—@+) nok X py” a E 
aa ) a (ETyss I) K, 


pa \“/ pp \° RT pa X pp? 
— } | — (5) 
Tig! RT 


Letting An equal the change in the number of moles of gas during the 
reaction, that is (g + h) — (a + b), we have 


Ke = KAR) (6) 


In reactions where the same number of moles of gas occur on both 
sides of the equation, An = 0 and K, = Ky. Since concentrations are 
expressed in moles per liter and partial pressures in atmospheres, it 
is evident that the gas constant R must be expressed in liter-atmos- 
pheres. 


Example 1. For the reaction No + 3H2 = 2NHsz, at 400°: 


CNHs 
K, = ——— = 0.507 
Cn, X Cu,* 


Calculate K,. 
Kp = (RT)A°K, = (0.08205 X. 673.1)? X 0.507. = 1.66 < 104 


A large value of K, means that the numerator is greater than the 
denominator, and a small value means that it is smaller. In this re- 
action the ammonia concentration at equilibrium is high when Ky, is 
large, and it is low when K, is small. The magnitude of the equilib- 
rium constant is a measure of the extent to which the materials react 
to give the products, that is, a measure of chemical affinity. 

Certain conventions are observed in the use of equilibrium constants 
to avoid confusion. The equation for the reaction is always given, and the 
products at the right of the equality sign are placed in the numerator. 

When the equation for the reaction is reversed, the new equilibrium 
constant becomes the reciprocal of the other. Thus rewriting Example 1, 


2NH3 = No + 3H, 


fe) Ne Sites tool aia 
CNH; 0.507 


ma 


SEE 
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If the reaction is written 
NH; = 3Neo + $H2 


Nai ae wid ux 
1 ee ee NN AGC ee i 
CNH; ; 


These fractional exponents are usually avoided by multiplying 
through by an appropriate integer. 

Determination of Equilibrium Constants. Many chemical and phys- 
ical measurements can be used in the determination of equilibrium 
constants. A considerable amount of ingenuity is often needed, not 
only in devising methods for analyzing the mixture without disturbing 
the equilibrium but also in calculating the concentration of all 
the substances present from an experimental determination of only 
one or two. 

If there is a change in pressure or in volume during the reaction, the 
composition at equilibrium can be calculated readily, as shown in the 
following section. Other physical properties, such as absorption of 
light, or refractive index or electrical conductance, can be used in 
special cases to determine the concentration of one or more of the sub- 
stances at equilibrium. Frequently chemical methods can be used, 
but, if they involve a different temperature, it is necessary to ‘freeze’ 
the equilibrium mixture in some way so that it will not shift during the 
analysis. Sudden chilling or addition of an excess of some chemical 
reagent or removal of a catalyst is often effective for this purpose. 

Usually the original concentrations of the reactants are known, and 
their concentrations at equilibrium are determined directly, or they 
are calculated indirectly from the concentration of the products of 
equilibrium. For example, in the reaction, 


At Bt 


if 1 mole of A and 1 mole of B are mixed in a volume of 1 liter and 
allowed to come to equilibrium, and if 0.9 mole per liter of G is found 
by analysis, it follows that the concentration of H must equal that of 
G, and the concentration of A and of B at equilibrium must be 1 — 0.9 
or 0.1. The equilibrium constant then is written 


CG x CH 0.9 »K 0.9 
Cp OME) 


K, = 
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It is essential to know that equilibrium has been reached before the 
analysis of the mixture can be safely used for calculating the equilibrium 
constant. Sometimes the reaction is very slow and the mixture may 
be far from equilibrium even though it does not appear to change. 
The following may serve as criteria for the attainment of equilibrium. 

1. The same equilibrium constant is obtained when the equilibrium 
is approached from both sides. In the example given, the same value 
is obtained for K when A and B are mixed as when G and H are 
mixed. 

2. The same equilibrium constant is obtained when the concentra- 
tions of reacting materials are varied over a wide range. 

3. When the mixture is allowed to stand for longer and longer periods, 
a concentration is finally reached which does not change with further 
standing. 

Flow methods are sometimes used for determining equilibrium con- 
stants. For example, known mixtures of nitrogen and hydrogen are 
forced through a heated chamber (containing a catalyst), and the 
issuing gas is passed quickly through a capillary tube to an absorption 
bottle where the ammonia is titrated. The partial pressures of all 
three gases can then be calculated. The gas is passed through at var- 
ious rates of flow, and the equilibrium constant is calculated when the 
passage through is so slow that making it still slower does not increase 
the concentration of ammonia. When equilibrium is established, a 
longer period of time will not produce any further change in the con- 
centrations. 

Dissociation of Gases. The determination of the density of a gas 
provides one of the simplest methods for measuring quantitatively the 
extent to which the gas is dissociated. When a gas dissociates, more 
molecules are produced, and at constant temperature and pressure the 
volume increases. The density or the weight per liter then decreases, 
and the difference between the density of the undissociated gas and the 
partially dissociated gas permits a calculation of the degree of dis- 
sociation. 

If we start with 1 mole of gas and let a represent the fraction dis- 
sociated, then 1 — a will denote the fraction remaining undissociated. 
If 1 mole of gas yields » moles of gaseous products, the total number 
of moles present at any time will be 


(l—a)+ve or 1+ 0—-1Lea 


Since the density of a given weight of gas at constant pressure is 
tmversely proportional to the number of moles, the ratio of the density 


=~ 


eh Te 
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d, of the undissociated gas to the density of the partially dissociated 
gas dz is given by the expression, 
dy il + (v Sor la 


i ee (7) 


a= a (8) 


It is always advantageous to visualize a formula if possible by check- 
ing it with some simple calculation. With reference to equation 8, if 
there is no dissociation a = 0 and d, = do; if dissociation is complete, 
a =1 and dg(v — 1) = dy — dy or dy = vdg. Obviously, both these 
relations are in agreement with the experimental facts. 

Molecular weights may be substituted for densities, giving 


M, — Me 


Ae ee 9 
Mo(v — 1) 2 


where M, is the molecular weight of the undissociated gas and Mg is 
the average molecular weight of the gases when the gas is partly dis- 
sociated. Densities are converted into molecular weights by multiply- 
ing the molar volume in liters at a given temperature by the weight of 
1 liter. The use of formula 9 is illustrated in Table I with the reaction, 


N2O4 = 2NO2 
in which v = 2. 
TABLE I 


Densitizs oF Parttatty Dissociatep NirroGen TETROXIDE (N2O,4) at ONE 
ATMOSPHERE PRESSURE 


B Average Molecular Weight ar 
a Partially Dissociated a= pees 
Gas (Mp) M» 
UG; | 82.00 2122 
25 | 77.64 0.185 
35 72.45 0.270 
45 66 /80 0.378 
55 61.24 0.502 
65 56.51 0.628 
75 52.85 0.741 
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The mean molecular weight My, of the partially dissociated gas is 
determined experimentally, and M, is taken as the theoretical molecular 
weight of undissociated nitrogen tetroxide (N2O4), that is, 92.02. 
Here there is a simple quantitative check on the dissociation process, 
for the NO, formed by dissociation is brown, and the undissociated 
N2Ox is colorless. It is easily noticed that the color becomes darker 
brown as the temperature is raised and the density becomes less. The 
intensity of the brown color may be measured quantitatively with a 
colorimeter or photoelectric colorimeter. 


Example 2. If 1.588 g of nitrogen tetroxide gives a total pressure of 760 mm 
when partially dissociated in a 500-cc glass vessel at 25°, what is the degree of 
dissociation a? 


aos 
Pres Wi ee 
au, = R29 _ 0.08205 X 298.1 x 1.588 
AEG I TS 1 X 0.500 
= 77.68 
92.02 — 77.68 


Equilibrium Constants in Gases. The dissociation of nitrogen te- 
troxide is represented by the equation, 


N20, = 2NOo 
and 


PNo»” 
eae (10) 
PN2O4 
If a represents the degree of dissociation, (1 — @) is proportional to 
the number of moles of undissociated N2O4; 2a is proportional to the 
number of moles of NO; and (1 — a) + 2a or 1 + a is proportional 
to the total number of moles. 
If the total pressure is P, the partial pressures are as follows: 


bees 4 2a a 
= an = 
PN204 meus PNOz HEE 
Then, 
9 2 
(ce 
K.= l+a 4a?P : 
- l—a eae cu) 


lt+a 


— 


mon 


ee bee ee 
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In this reaction there is an increase in volume, 1 mole of gas disso- 
ciating into 2. According to the principle of Le Chatelier, it is possible 
to predict qualitatively that a decrease of pressure will cause the sys- 
tem to shift teward 2NO2, which occupies the larger volume. Equa- 
tion 11 makes it possible to calculate quantitatively the degree of disso- 
ciation of N2O,4 at any pressure. 


Example 3. At 25.0° and 1 atm, nitrogen tetroxide has been found by vapor 
density measurements to be 18.46 per cent dissociated. Find Ky. 


4o2P 4 X (0.1846)? 


DP oF 1 (01846)? 


x 1 = 0.141 


Calculate the degree of dissociation of nitrogen tetroxide at 0.5 atm and 25°. 


2 
Kerarotar a Op 
1 — a? 
and 
0.141(1 — a?) = 2a? 
a= 01257 


Another gaseous equilibrium only slightly more complicated than 
the dissociation of nitrogen tetroxide is the dissociation of phosphorous 
pentachloride. At temperatures something over 200° C the following 
reaction takes place: 

PCl; = PCl3 + Cle 


When 1 mole of PCI; dissociates, there will be at equilibrium 1 — a 
mole of PCls, a mole of PCl3, and a mole of Cle, where a is the degree of 
dissociation. If these gases are contained at equilibrium in a vessel of 
v liters, the concentrations in moles per liter are 


l—-—a a a 
CPCleaaaes 5 OO = = 5 and COS ‘ 
v v 


The total number of moles is 
[ll-—-alt+at+a=l+a 
and the mole fractions are 


l—a 


——— 5, Nece = ; and Nq, = 
(eee ome te ee 


If P is the total pressure, the partial pressures are 


Nec rae 


nine 5B a P d a 
——P; SSS JF 2 Bia = 
rie > PPCls eae Pcl. eee 


JPR = 
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The equilibrium constant can be expressed in moles per liter (K,), or in 
partial pressures (K,), as follows: 


a a 
v 
Ie, ix ROR Sp Biss cael ts (12) 
CPCls Lien nels 
vn 
See oe foe 
a a & 
K, = BPs _ Pt) 
PPCls re P 7 
Lea 


Several examples will be given to illustrate the calculation and use of 
equilibrium constants. 


Example 4. At 250° 1 liter of partially dissociated phosphorus pentachloride 
gas, at 1 atm, weighs 2.695 g. Calculate the degree of dissociation a@ from 
the measured density of the gas and calculate the equilibrium constant K,. 
If we start with 1 mole of phosphorus pentachloride having a molecular weight M 
of 208.3, there are 1 + a moles in the partially dissociated gas, and the density d 
is given by the expression: 

g M R 


oe er ag) 
208.3 X 1 
d = 2.695 = 
(1 + @)0.08205 X 523.1 
a = 0.80 
According to equation 138, 
oo WOOT 


This reaction is an interesting one to study in more detail. Qualita- 
tively, it can be seen that increasing the total pressure will decrease 
the amount of dissociation, because the undissociated gas occupies the 
smaller volume. If chlorine is added, pq, increases, and, since K, re- 
mains constant, ppc, must diminish, and ppg, must increase. The 
degree of dissociation is decreased also by the addition of ppq,. In 
general the dissociation of any substance is repressed by the addition of 
its dissociation products. The addition of an inert gas at constant 
volume has no effect on the dissociation as long as the partial pressures 
of the gases remain unchanged. 


Wore 
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Example 5. What will be the degree of dissociation of phosphorus penta- 
chloride when 0.1 mole at 250° is placed in a 38-liter vessel containing chlorine 
at 0.5 atm pressure? Let x = the additional number of moles of chlorine or 
phosphorus trichloride formed by the dissociation of the phosphorus penta- 
chloride. 


goad ae 54 =) . [0.5 i | 
ale ee 3 
PPcls (0. 1— Dye 0.1 — a 
Vv 
x = 0.0574 


The degree of dissociation = 0.0574/0.1 = 0.574. 
Example 6. How many moles of PCl; must be added to a liter vessel at 250° 
in order to obtain a concentration of 0.1 mole of chlorine per liter? 


x = number of moles of PCls added to vessel 


; ined 
0.1 =) 
Qa whe PreisP Cle (01 “*) ( = 0.12 Tigh 
ei - ~ (« — 0.1) v 
Pras (a ee, ire eae cia . 
Vv 


_ 0.01 X 0.08205 & 523.1 
a (a — 0.1) 
x = 0.341 mole 


Examples 5 and 6 could have been worked out just as well by con- 
verting K, into K, and then making the calculations with K, in moles 
per liter. 


Example 7. Under what total pressure must an equimolecular mixture of 
chlorine and phosphorus trichloride be placed in order to obtain 1 atm of phos- 
phorus pentachloride at 250°? If we let « = ppc, = Po, at equilibrium, 


1.78 = Recor _ a 


K 
. Precis 1 


(i ale poratil 


The total pressure at equilibrium is 
Pro, + Poe + Pros = 1.838 + 1.338 4+ 1 = 3.66 atm 


Example 8. Under what pressure must an equimolecular mixture of chlorine 
and phosphorus trichloride be placed at 250° in order to obtain an 80 per cent 
conversion of the phosphorus trichloride into phosphorus pentachloride? 

a 0.20 X 0.20 
pt ¢ = = P 
et 1 ee 1 — 0.20? 


1D = ADV einen 
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Another classical example of an equilibrium in gases is the dissociation 
of hydrogen iodide or hydriodic acid gas at temperatures above 400°. 
Very careful measurements are available * for the equilibrium 


Bae ln pe 


Quartz vessels of known volume were filled with hydriodic acid at a 
measured pressure and heated in an electric thermostat to 425.1° for 
several hours until equilibrium was established. The vessels were 
then chilled quickly and analyzed for iodine by titration with sodium 
thiosulfate. The concentration of hydrogen at equilibrium is equal to 
that of the iodine. The concentration of hydriodic acid at equilibrium 
is obtained by subtracting the iodine from the initial hydriodic acid. 
The equilibrium concentrations in moles per liter are shown in Table I. 


TABLE II 


EQuILIBRIUM BETWEEN HyproGEN, IopINE AND Hypriopic Actp AT 698.2 K 


CIy CHe CHI i= CH2CTe 
(mole/liter) X 10° | (mole/liter) X 10* | (mole/liter) < 10° Cur 
1.7069 2.9070 16.482 Thesvael < WO 
1.2500 3.5600 15.588 1.831 
0.7378 4.5647 13.544 1.835 
2.3360 22023 16.850 1.853 
3.1292 1.8313 17.671 ie Soo) 
0.4789 0.4789 3.531 1.840 
1.1409 1.1409 8.410 1.840 
0.4953 0.4953 3.655 1.832 


The last three sets of data were obtained by starting from the other 
side of the equilibrium, weighing the initial quantity of iodine, measuring 
the pressure of hydrogen, and titrating the iodine after reaching equi- 
librium. The hydriodic acid concentration was determined by sub- 
tracting the final iodine concentration from the initial concentration. 
The close check between the two sets of data show that equilibrium was 
reached in every case. 

Sometimes calculations are facilitated by expressing the concentra- 
tions with letters. Thus, if a moles of hydrogen is mixed with b moles 
of iodine, and 2x moles of hydriodic acid is formed, when equilibrium 


* Taylor and Crist, J. Am. Chem. Soc., 68, 1881 (1941). 


AA eerreertomesat 
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is established, a — x is the amount of hydrogen, and b — x is the amount 
of iodine present. Then, substituting these aa into the expres- 
sion for the equilibrium constant gives 


€é - *) (- —_ *) 
CH,CT, v v (a =a) (b =x) 


G cH (ie) 4a? ( ) 
Vv 


a+b—~V(a-— b)? + l6abK, 
lees Silas ef 2 penn ae Se (16) 
a1 — 4K.) 


It is of interest to note that a change in pressure does not alter the 
equilibrium in this gaseous reaction. Making use of the partial pres- 
sures of the components of the gaseous system, instead of the concen- 
trations, we have 

PH. x PI, 


= K, 

pur 

Now, if the total pressure on the system is increased to n times its 

original value, all the partial pressures are increased in the same propor- 
tion, and 

pH, X NPI, 


nar = 
which is seen to be equivalent to the original expression, since cancels 
out. The equilibrium is thus seen to be independent of the pressure. 
This independence applies only to those systems in which no change in 
volume occurs during the reaction. It may be remembered also that 
in this case K, = K,. 
Illustrations of the calculations of more complicated gaseous equilibria 
will now be given. 


Example 9. The reaction CO, + H,—=CO + H,0 was investigated by 
passing mixtures of CO and Hy over a catalyst at 900° at 1 atm pressure. The 
resulting gas was chilled quickly to room temperature by passage through a 
capillary and was analyzed. In one, experiment the partial pressures were as 
follows: CO, = 0.2142; Hy, = 0.2549; CO = 0.2654; H,O = 0.2654 atm. Cal- 
culate the number of moles of hydrogen present in another equilibrium mixture 
containing 22.72 moles of CO, 22.72 moles of H2O, and 48.50 moles of CO». 
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= 1.290 


K, = PcoPm0 _ 0.2654 * 0.2654 
> PooPay»0:2142.%,0.2549 


(22.72 =) (22.72 S 


Kj = £50 
| (5002) (72) 
an, v v 
1] 22.722 
V c= 48.50 X 1.290 = 8.25 moles He 


Example 10. Ammonia is formed from a mixture of three parts of hydrogen 
and one part of nitrogen (page 385). At lower temperatures the yield is still 
higher, but the time required for equilibrium to be reached would be too great 
to be practical, except for the addition of a catalyst. The pressure is kept as 
high (200 atm) as practical and the temperature as low as practical. 

Under equilibrium conditions at 400° and 10 atm pressure 3.85 per cent of 
ammonia is obtained. 

Calculate K, for the reaction Nz + 3H,:—2NH3. The ratio of three volumes 
of Hz to one volume of nitrogen is maintained, regardless of the amount of 
ammonia formed. Of the 96.15 per cent by volume which is not ammonia one 
fourth is nitrogen and three fourths is hydrogen. 

_ Pru,” (0.0385 X 10)? 


Ky = ee 0) 
> PyePa> (F X 0.9615 X 10)(2 X 0.9615 X 10)8 0.000164 


Calculate the total pressure P necessary to give a mixture containing 5 per 
cent ammonia at this temperature. 
Pru, = 0.05P Pye =tX095P. pu, = 2 X 0.95P 
(0.05P)? _ 0.0025P? 
(0.2375P)(0.7125P)® 0.0859 P# 


zs 0.0025 
0.000164 < 0.0859 


K, = 0.000164 = 


2 


=1775 P=133atm 


Calculate the percentage of ammonia when the mixture is subjected to a 
pressure of 50 atm. 


Pu, = 3Pnz Pr, + Pu, + Pru; = 50 atm Pua, = 50 — 4p, 


2 = 2 aa 2 

Ky = 0.000164 = PNH3 -= (50 SPs) = (50 — 4pnz) 
PN2P He (Pxz)(3PNz) 27pn,* 

50 — 4px, 
Pnx 

Pr, = 10.62 py, = 3 X 10.62 = 31.86 


Pun = 50 — (10.62 + 31.86) = 7.52 


= »/0.000164 X 27 = 6.65 X 10-2 


7.5 
P t iagey ee = 
er cent ammonia 50.0 x 100 = 15 
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Equilibria in Solutions. Concentrations in solution are frequently 
expressed in moles per liter. The following reaction is a classical exam- 
ple of an equilibrium involving liquids: 


CH;COOH + C.H;0H = CH3;COOC2H; + HO 


The volume of the solution is v liters, and the number of moles of 
each of the four compounds is designated as a, b, c, and d, respectively. 
The additional number of moles of ester and water formed by the reac- 
tion of acetic acid and alcohol is denoted by x. Then, if the slight 
change in volume of the liquids due to the chemical reaction is neg- 
lected, the concentration of each of the compounds is 


a-2z b—-z 
CCH3;COOH = r Cc.H;0H = 
v v 
c+ta d+z 
CCH;COOC;Hs = Ase ; CH.0 = 


Then 


= 


c 


CCH;COOGH;CH,O CEP Re?) (17) 


CcH;COOHCC,H,oH (a — x)(b — =) 
The use of this equation is illustrated in the following example. 


Example {1. One mole of acetic acid is mixed with one mole of ethanol at 
25°, and after equilibrium is reached a titration with standard alkali solution 
shows that 0.667 mole of acetic acid has reacted. Calculate Kg. 


eae CcoH3COOC2HsCH20. "s 0.667/v x 0.667/v ode 
% €CH;COOHCC2H;0H (1.000 <= 0.667) /v x (1.000 = 0.667) /v 


When 0.50 mole of ethanol is added to 1.000 mole of acetic acid at 23°, how 
much ester will be formed at equilibrium? 


a? 
nit O0 (1.000 — x)(0.500 — x) 


4.00 


x = 0.422 or 1.577— 


In a quadratic equation two solutions are always possible, but usually one may 
be ‘shown to be wrong and incompatible with the physical-chemical facts. In 
the present case it is impossible to produce more moles of ester than corresponds 
to the number of moles of ethanol, and so the value 1.577 is ruled out. Actually 
0.422 mole of ester and 0.422 mole of water are formed, and (0.500 — 0.422) or 
0.078 mole of ethanol and (1.000 — 0.422) or 0.578 mole of acetic acid remain 
unreacted. An experimental value of 0.414 mole of ester was obtained. Addi- 
tional calculations are as follows: 


Moles ethanol added to 1 mole of acetic acid 0.08 0.28 2.24 8.00 


' Moles of ethyl acetate calculated 0.078 0.232 0.864 0.945 
Moles of ethyl acetate formed experimentally 0.078 0.226 0.876 0.966 
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It may be noted from this example that a large excess of one of the 
reactants causes the other reactant to undergo nearly complete reaction. 

In the equilibrium just studied, the volume terms cancel out, and so 
the equilibrium constant is not affected by changing the volume. When 
there is a change in the number of molecules, however, it is necessary 
to consider the volume of the solution in calculating the equilibrium 
constant. 

Free-Energy Changes in Chemical Reactions. A very important 
relation exists between the equilibrium constant and the change in free 
energy. It connects chemical reactivity with the measurements of 
thermodynamics and electrochemistry. 

The following general reaction is representative of any chemical 


reaction. GAP OBUPO eG pee (18) 


We will assume at first that A, B, G, and H are ideal gases, each exerting 
its own partial pressure pa, pp, etc. The gases are present in such large 
quantities that the loss or gain of one mole of a or b does not materially 
affect the concentrations nor the partial pressures. 

It will be remembered from page 152 that 


d nRT 
(~) =v = — (19) 
dp/r Pp 


Then, 
F = nkT In p + constant (20) 


where the integration constant varies with the temperature but is 
constant at a given temperature. 

In the reaction given by equation 18, a moles of the substance A dis- 
appear, and the system, therefore, undergoes a loss in free energy of 


Fy =aRTlInpa+Cy 


Owing to the disappearance of B, the system suffers a further decrease 
in free energy: 
Fz = bRT In pp + Cp 


Owing to the appearance of G and H, the system increases in free energy 


by the amount, pewter ui these sa) 
Fy = hRT \n py + Cy 


and 


The net change in free energy is, therefore, 
AF = gRT In pg + ART In py — aRT In pa — ORT In pgp + C (21) 
where C = Cg + Cy — Ca — Cp. 


mace 


By 


PIA 
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At equilibrium, AF = 0; hence 


| se C 
In ; = 
PA pp teauil. Teale 


This derivation shows that at equilibrium at a given temperature 


ae 


F 4 = a constant, Ky (22) 
PA PB eauil. 


where C is a constant such that RT In K, = —C. Ky has been defined 
previously as an equilibrium constant. 

If the reactants and products are not at their equilibrium partial 
pressures p but at any arbitrary pressures p’, there is a finite free-energy 
change, and 
no! * pr” 


! 1b 
Pa “PB 


AF = —RTInK, + RT In 


The quantity pg’pyz'"/pa'“pp”’ is so easily confused with the partial 
pressures at equilibrium that it is well to rewrite this equation as 


mie: th 
AF = -RTInK, vA ner ee = —RTInK, +RTIn@,.23) 
PA PB 


where p refers to the partial pressures at equilibrium, p’ refers to non- 
equilibrium partial pressures of reactants and products, and Q, is de- 
fined as the pressure quotient, pg’’pxz/"/pa'“pa”. This is an exceedingly 
important equation which will be applied to practical problems in later 
chapters. ; 

There is a special case which is of importance—that in which the 
reactants in their standard states (1 atm for gases) react to give the 
products in their standard states (i atm). The free-energy change in- 
volved in reaction between substances in their standard states is desig- 
nated with a superscript zero AF® and is called the standard free-energy 
change. Under these conditions the last term drops out because all the 
values of p’ are unity, Q is 1 and log 1 = 0, and, then, 


AF? = —RT In Kp (24) 


The superscript zero indicates that the change in free energy refers 
to the reaction in which the reactants in their standard states, usually at 
1 atm, are converted into products in their standard states (at 1 atm). This 
equation shows that the decrease in the standard free energy during a 
reaction is a measure of the magnitude of the equilibrium constant, 
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that is, of the chemical affinities involved. It determines just how far 
the reaction will go and how the partial pressures will be related at 
equilibrium. Equations 23 and 24 can be combined to give equation 25: 


AF = AF’ + RTInQ, (25) 


The values of AF® for many common substances can be found in 
tables of standard free energies of formation, and equation 25 will then 
permit one to calculate the free energy change in taking reactants at 
given partial pressures and converting them into products at given 
partial pressures. 


Example 12. What is AF° at 25° for the reaction, 
N204 (9) = 2NOsz (9) 


2 
Kp = PX& = 0.141 


PN204 


AF® = —RT In K, = —1.987 X 298.1 X 2.303 log 0.141 = +1161 cal 


According to this calculation, 1 mole of N2O, at 1 atm can be converted into 
2 moles of NO2 at 1 atm and 25°, only with some external aid which is equivalent 
to a change in free energy of 1161 cal. 

Example 13. What is AF® at 25° for the reaction, 


2NOz (g) = N2Oq (9) 


AF® = —RT In K, = —1.987 X 298.1 X 2.303 log 7.09 = —1161 cal 


It is clear that, if a reaction is reversed, the equilibrium constant becomes the 
reciprocal of that for the forward reaction, and the free-energy change has the 
same magnitude but the opposite sign. 

Example 14. What is the free-energy change involved at 25° if 10 g of NsO 
at 2 atm is changed into 10 g of NO: at 0.3 atm? 


2 
AF = —RTInK,+RTInQ, = —RT ln K, + RT In 
PN204 


2 
—1.987 X 298.1 X 2.303 log 0.141 + 1.987 x 298.1 x 2.303 pees 


2 
1161 — 1837 = —676 cal 


This free-energy change is for 1 mole of N2O4. The free-energy change for 
10 g is (10/92.0) X (—676) = —73.5 cal. 


Formulas similar to 22-25 may be derived in which the partial pres- 
sures are replaced by concentrations. The free-energy change in the 
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case of dilute ideal solutions, for the isothermal change of state, 
aA (at ca’) + bB(at ce’) = gG(at cg’) + hH (at cy’) 
is given by 
co8cr” cg’ ®ey"” 


ate 10 At regenera = —RT\InkK,+RT1InQ, (26) 
C1°ep Clee. 


AF = —RT I \n 


where the concentrations c4, cg, Cg, and cy are for equilibrium at con- 
stant pressure and the concentrations c,4’, etc., are arbitrary. If the 
primed values are all unity, we have again the important equation for 
the standard free-energy change, 


AF? = —RTInK, (27) 


In such calculations concentrations are customarily expressed in molali- 
ties; the standard state of each solute is taken as the concentration of 
1 mole per 1000 g of solvent if the solution is ideal. Molarities expressed 
in moles per liter are sometimes used. Pressure is fixed, but usually for 
solutions its value is not important. 


Example 15. The equilibrium constant for the association of benzoic acid 
to a dimer in dilute benzene solutions at 43.9° is 2.7 < 10? in terms of molar 
concentrations. Calculate AF°, and state its meaning. 


2Ce6HsCOOH = (CsHsCOOH)s 


K, = amt = 2.7 x 10? 


C’ monomer 


AF? = —RT In K, = —1.987 X 317.0 X 2.303 X 2.4314 
= —3527 cal 


Hence, there is a free-energy decrease of 3527 cal when 2 moles of benzoic acid 
monomer, CgH;COOH, at a concentration of 1 mole per liter of solution, is 
converted to 1 mole of benzoic acid dimer at a concentration of 1 mole per liter, 
in benzene at 43.9°. The reaction is spontaneous as written. 


In concentrated solutions mole fractions should be used. In ideal 
concentrated solutions the partial pressures can be calculated accurately 
from the mole fractions, whereas the calculations based on moles per 
liter may be in serious error. Calculating on the basis of mole fractions 
gives 

NoiN x" Ng’®Nax™ 
Nut NG Niu Nx’ 


— RT ln Ky + RT In Qn 


(28) 


I 
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Example 16. Calculate Ky, assuming ideal solutions, for the following reac- 
tion at 25°: 
C.H;OH + CH;COOH = CH;COOC2H; + H20 


if the addition of 1 mole of alcohol to 1 mole of glacial acetic acid yields at 
equilibrium 0.667 mole of ester. Calculate and interpret AF*®, 
In this equilibrium mixture, 


1.000 — 0.667 
Natconol = Nacia — ~ 9000. 
0.667 
N ester — N. water — 2.000 
0.667\2 
(2.0007 _ (0.667)? 
oy 
Kw = 79333\2 ~ (0.333)? ah 
2.000 
AF® = —RT In Ky = —1.987 X 298.1 X 2.303 X log 4.00 
== 395 


For this reaction where An = 0, K, = Ky = K,and AF° isthe same. When, 
however, there is a change in the number of molecules during reaction K., Ky 


and Ky will differ and the AF°s will not be equal. The standard states will 
then be different. 


It is essential to have a clear understanding of the influence of con- 
centration in changing the value and even the sign of AF. In the three 
following examples it is assumed that the solutions are ideal and that 
equation 26 is exact. 


Example 17. In a simple hypothetical reaction such as a change into an 
isomer, 


A= B 


if the system is at equilibrium when A and B are at equal concentrations, 
Ca = Cp, What is the value of AF°? 


fie =S=1 and AF = —RTInK, = —RTIn1=0 
A 


Example 18. In another system C= D there is a state of equilibrium at 27° 
when the concentration of the product D is ten times as great as C. What is 


the value of AF°? In this example and the next few involving AF” it is assumed 
that the solutions are ideal 


Cp 10 


K, = a =o and AF® = —RT \In K, = —1.987 X 300.1 X 2.303 log 10 


= —1378 cai 


oer 


- BEI 
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If AF® has a negative sign, that is, if the free energy of the products is 
less than the free energy of the reactants, there is a tendency for the 
reactants (the materials at the left of the reaction as written) at unit 
concentration to react to give the products at unit concentration. 

If a system is in a state of equilibrium when the concentrations of the 
products are less than those of the reactants, AF° is positive; there is no 
tendency for the reactants at unit concentration to react to give the 
products at unit concentration, but on the contrary the reaction tends 
to go in the reverse direction. 


Example 19. In the reaction H = G at 27° there is equilibrium when the 


concentration of the product is one-tenth that of the reactant H. Calculate 
AF® 


r 
ee oes a AF? = —RT In K, = —1.987 X 300.1 X 2.303 log 


CE 


= —1.987 X 300.1 2.303 X (—1) = +1373 


It is clear from the positive value of AF° that H at unit concentration will not 
react spontaneously to give G at unit concentration. However, some production 
of G can be effected by increasing sufficiently the concentration of H or by reduc- 
ing the concentration of G by removing it as it is formed at concentrations less 
than unity. 

Example 20. Referring to example 19, calculate AF for the reaction at 27° 
in which # at a concentration of 20 goes to G at a concentration of 1. 


E(c = 20) = Ge = 1) 

i 
20 
1373 + 1.987 X 300.1 X 2.303 X (—1.301) 
1378 = 1786 ="=—413 


AF 


—RT In Ke + RT In, = AFo4+ RT In 
E 


ll 


The negative sign of AF in this equation shows that the reaction will take 
place spontaneously under these conditions. By sufficiently increasing the con- 
centration of #, E can be partially converted into G in spite of the unfavorable 
equilibrium constant and positive value of AF°. The distinction between AF 
for any concentrations and AF® for standard states at unit concentration must 
be kept clearly in mind. 


Free-Energy Tables. The change in free energy can be calculated 
from equilibrium constants for chemical reactions which involve the 
reactants and products in their standard states. Equation 24 is used 
more often, however, to calculate equilibrium constants from known 
values of AF®. If the free-energy change for a given chemical reaction 
cannot be obtained directly from equilibrium constants, it can often 
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bé calculated indirectly from other reactions for which the free-energy 
changes are known. 

If several reactions are added together, the free-energy changes are 
additive, just as heats of reaction are additive. The free-energy change 
of the total reaction is the sum of the free-energy changes of all the 
composite reactions. Free energies are usually given in calories. 


Example 21. Calculate the free energy of formation of hydrochloric acid from 
its elements at 25° from the following data: 


H.0 (l) = H20 (g) AF? = 2,053 
He (g) + 302 (g) = H20 (2) AF® = —56,560 
H20 (g) + Clk (g) = 2HCl (9) + 202) AP = 9,123 
Adding these equations gives 
He (g) + Cle (g) = 2HCI (g) AF® = —45,384 
~ 2H2 g) + 2Cle (g) = HCl (g) AF? = —22,692 


Just as there are tables of heats of formation (page 129) from which 
heats of reaction can be calculated, so also are there tables of free energy 
of formation from which AF® for various reactions can be calculated. 
The free energies of the elements at 25° and atmospheric pressure, in 
their most stable states under these conditions, are taken as zero. The 
free energy of formation AF° of a compound is the change in free energy 
involved when 1 mole of this substance in its standard state at 25° and 
1 atm pressure is produced from the elements in their standard states 
(25° and 1 atm pressure). If the substance is not in its standard state, 
the superscript zero is omitted. Table III gives a few of these values. 

Some of the values of the free energy of formation were obtained 
directly or indirectly from equilibrium constants; others are obtained 
from measurements of electromotive force as explained in Chapter XVI, 
and others are obtained from calorimetric measurements, combining 
heats of reaction and determinations of absolute entropies as explained 
on page 286. 

The use of this table in calculating free-energy changes may be 
illustrated with the following example. 


Example 22. 
He (g) + CoHy (g) = CoHe (9) 


AF® = AF roaucts — AF veactants = —7787 — (0 + 16,279) 
— 24,066 cal (at 25° and 1 atm) 


This table gives the changes in free energy for isothermal, isobaric reactions 
at 25%. 


we 


ZkTi> es 
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Calculate K, at 25° for this reaction between hydrogen and ethylene. 


= antilog 1.987 3 


— 24,066 = —1.987 & 298.1 X 2.303 log Kp 


24,066 


298.1 2.303 


TABLE III 


Free ENERGIES OF FORMATION AT 25° AND 1 Arm } 


AF® = 
1G = Pc2He 
Pu, X Poors 
Substance 


Water, H2O (i) 
Water, H2O (g) 
Hydrochloric acid, HCl (g) 
Hydrobromic acid, HBr (y) 
Hydriodic acid, HI (g) 
Sulfur, 5 (rhombic) 
Sulfur, S (monoclinic) 
Sulfur, S (g) 
Hydrogen sulfide, H2S (g) 
Ammonia, NHsz (g) 
Nitric oxide, NO (g) 
Nitrogen dioxide, NOz2 (g) 
Carbon monoxide, CO (g) 
Carbon dioxide, COz2 (g) 
Lead oxide, PbO (s) 
Silver ion?, Ag* 
Zinc ion”, Znt+ 
Methane, CH, (9) 
Ethane, CoHe (9) 
Propane, C3Hs (g) 
n-Butane, C4H 10 (9) 
izo-Butane, C4H yo (9) 
n-Pentane, CsH2 (9) 
2-Methyl butane, CsHie (g) 
Tetramethyl methane, 
CsHas (9) 
n-Hexane, CeHy (9) 
n-Heptane, C7H1¢ (9) 
n-Octane, CsHis (9) 
Ethylene, CoH, (g) 


AF? 98.1K 


—56 , 560 
—54,507 
— 22,692 
—12,540 
315 

0 

18 

30 , 240 
—7,840 
—3,910 
20 , 850 
11,920 
—32,700 
—~94, 100 
—45 ,050 
18,448 
—34,984 
—12,085 
187 
—5,550 
—3,630 
—4,160 
—1,620 
—3,190 


—3,310 
80 
1,750 
3,4C0 


16,279 


Substance 


Propylene, C3H¢ (g) 
Acetylene, CoHe (g) 
cis-2-Butene, C4Hs (9) 
trans-2-Butene, C4Hs (g) 
Formaldehyde, CH20 (g) 
Formic acid, CH2Os¢ (9) 
Formic acid, CH2Oz (J) 
Methanol, CH,O (J) 

Urea, CH4N20 (s) 

Oxalic acid, CoH2Ox (s) 
Acetic acid, C2H4Oz (I) 
Ethyl bromide, C2H;Br (J) 
Ethanol, C2H¢0O (I) 
Dimethyl ether, C2H¢O (g) 
Ethylene glycol, C2H¢0z (J) 
Acetone, C3H¢O (g) 
Acetone, C3H¢O (J) 
Glycerol, C3HgO3 (0) 
Fumaric acid, C4H4Oy (s) 
Maleic acid, C4H40s (s) 
Ethyl acetate, C4HgOv (J) 
Diethyl ether, C4HyO (J) 
Benzene, CeHe (9) 
Benzene, CgHe (I) 
Cyclohexane, CgHie (J) 
Cyclohexene, CgH po (J) 
Benzoic acid, C7H¢Qz (s) 
Naphthalene, CyoHsg (s) 
Sucrose, Cy2H22011 (s) 


== 4:39 < 10" 


AF 998.1 


14,730 

50 , 034 
15,570 
14,800 
—26, 100 
—~82,520 
—85,150 
—39,960 
47,120 
—165,900 
—94, 500 
—6,180 
— 40, 200 
— 26 ,350 
—80, 200 
—36 , 500 
—37, 220 
—113,600 
—156,700 
—149, 400 
~77,600 
—28, 300 
30,640 

29 , 400 

6, 800 
18,200 
—60, 100 
45 , 200 
—371,600 


1The data are taken from different sources including, Pitzer, Chem. Rev., 27, 39 
(1940), and Parks and Huffman, “Free Energies of Some Organic Compounds,” 
Chemical Catalog Inc. Co., New York, 1932. 

2 Standard state = 1 gram-equivalent per liter 


276 CHEMICAL EQUILIBRIA 


Example 23. Calculate from Table III the equilibrium constant for the 
following reaction at 25°. 
2HI (g) = He Gg) + b (s) 
AF® = 0 — 2 X 315 = —630 cal 
= —1.987 298.1 X 2.303 log Kp 


Diy X Pip 630 


= : = 2.90 
Put antilog 7987 x 298.1 X 2.303 


Kp= 


Activities and Fugacities. Formulas 22-28 hold strictly only for ideal 
gases and dilute ideal solutions, but the equilibrium constant and its 
relation to free-energy change are so valuable that they are commonly 
used, even when the gases and solutions are not ideal. It is recognized 
that they are only approximately correct, but they are often sufficiently 
exact for practical purposes, particularly if the pressure is not greater 
than 1 atm and the concentration of nonelectrolytes not greater than 
1 molal. 

To make possible exact calculations, G. N. Lewis introduced the 
terms fugacity and activity, which are defined in such a way that the 
equilibrium constant is a true constant and is independent of the con- 
centrations. 

A good illustration of the difficulty of using pressures and concentra- 
tions is shown in the determination of the dissociation constant at 25° 
of N2Ox4, at different concentrations,* as given in Fig. 68. If N2O, 


Concentration of N,O, 


Fic. 68. Extrapolation of apparent equilibrium constants K, to low pressures. 


and NO: behaved as ideal gases, the values of the dissociation constant, 
calculated from K, = pyo,”/Pn.o, Should be independent of the pres- 
sure. Then, when K, is plotted against the total pressure, a horizontal 
line should be produced. In Fig. 68 K, is plotted against millimoles of 
gas per liter, calculated as N2Ox, and it is evident that K, increases as 
the total pressure is reduced. In the derivation of the relation, AF° = 
—RT In K, it is assumed that the gases are ideal gases, and, accordingly, 
the correct value of K, to use in thermodynamical calculations is the 
value extrapolated to zero pressure where the gases are strictly ideal. 
In this K, has a value of 0.143 at zero pressure. 


* Verhoek and Daniels, J. Am. Chem. Soc., 58, 1250 (1931). 
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Equation 23 was derived for ideal gases, and it does not apply to 
real gases, particularly at high pressures. It is convenient then to use 
a quantity fugacity * f instead of pressures which is defined arbitrarily by 
the equation: 

F=RTinf+C (29) 


Another term of practical value in making use of these thermodynamic 
quantities is the activity a which is defined as the ratio of the fugacity f to 
the fugacity in some arbitrarily chosen standard state f° 

Thus 


hey J 
a je 

The activity or escaping tendency of a volatile liquid may be visual- 
ized as the tendency to pass off into the vapor state as measured approxi- 
mately by its vapor pressure po. When a solute is added, the vapor 
pressure of the solvent p is decreased. The ratio p/po is a measure of 
the escaping tendency of the solvent as compared to the escaping tend- 
ency in the pure liquid. It may be considered as describing approxi- 
mately the activity of the solvent. For example, the vapor pressure of 
pure water at 25° is 23.7, and the partial pressure of water in a 10 per 
cent solution of sulfuric acid is 22.4. Then the relative escaping tend- 
ency or activity in solution is 22.4/23.7 or 0.95. 

The change in free energy which occurs in going from the standard 
state to any other state is given by the expression: 


a (30) 


AF =F — Ff’ = RT lof — RT Inf? = RT In = RT Ina (31) 


For a solute, the standard state is usually taken as a hypothetical 
state in which the pure solute (that is, a solution in which Nz = 1) 
would have the properties which the solute possesses at infinite dilution. 
The activity of a solute at any mole fraction is given by the expression, 
ag = fo/fo°. 

In Table IV the partial pressures of acetone and ether are given in 
millimeters at 30° for solutions of various mole fractions. t 


* Fugacities of gases may be calculated from pressures by correcting for the devia- 
tions from ideal behavior at several pressures, and in different ways as given by Lewis 
and Randall, ‘“Thermodynamics and the Free Energy of Chemical Substances,’ 
Chapter XVII, McGraw-Hill Book Co., New York, 1923; and by Hougen and Watson 
“Chemical Process Principles II Thermodynamics,” John Wiley & Sons, New York, 
1947. 

+ Sameshima, J. Am. Chem. Soc., 40, 1489 (1918). 
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TABLE IV 


Vapor Pressure OF ACETONE-DTHER SOLUTIONS aT 30° 


Mole Vapor Mole Vapor T 
: ; otal 
Fraction | Pressure | Fraction | Pressure Ne Pee 
Ether Ether Acetone | Acetone p2 ne 
M Pi N2 p2 Paes 
1.000 646.0 0.000 OP leeeck see 646.0 
0.961 623.5 0.0387 21S OOO 645.3 
0.867 570.8 0.133 66.2 | 0.00201 637.0 
0.749 DLOR2 0.251 106.7 | 0.00235 616.9 
0.504 390.3 0.496 167.5 Sodas 
0.349 Uae 0.651 201.2 502.7 
0.295 266.0 0.705 PAVAIETE 479.7 
0.162 166.5 0.838 243.1 409.6 
0.066 71.0 0.934 266.8 337.8 
0.047 55.3 0.953 270.7 326.0 
0.020 20.8 0.980 276.6 297.4 
0.000 0.0 1.000 282.7 282.7 


If the acetone is considered to be the solute, the standard reference 
state is taken as a hypothetical acetone with the properties which it 
possesses as a solute at infinite dilution. Writing the equilibrium con- 
stant for the reaction 


(CH3)2COgas a (CH3)2CO,otution 
gives 
@solution . 
ep 
a (32) 


The gas is sufficiently ideal so that no serious error is introduced by 
substituting the pressure of the gas for the activity. Since the solu- 
tion is far from ideal, a considerable error would be introduced by sub- 
stituting the mole fraction for the activity of acetone in solution, and 
K would not be the same at different concentrations. However, by 
writing 

Ne 

P2 


and calculating the value of K’ at several different concentrations, it is 
possible to extrapolate back to infinite dilution where the solution is 
ideal. This extrapolated value of K’ is the true equilibrium constant 


K (33) 


ow 
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under conditions where the activity is equal to the mole fraction. This 
extrapolation is illustrated in Fig. 69, where it is found that Ko’ has the 
value 0.001697. 

Since Ko’ has been evaluated, it is now possible with the help of equa- 
tion 33 to determine the activity of acetone at any concentration from 
its vapor pressure. Thus, at a mole fraction of 0.251, the partial vapor 
pressure is 106.7, and its activity in solution is given by the relation: 


az = 0.001697 X 106.7 = 0.181 


The fact that the activity of acetone is less than its mole fraction means 
that its escaping tendency (represented approximately by its vapor 


0.0025 


0.0020 


N,/ P2 


0.0015 
0 0.05 0.10 0.15 0.20 0.25 0.30 


Mole Fraction of Acetone (N, ) 


Fig. 69. Evaluation of equilibrium constant for acetone vapor and liquid acetone 
in infinitely dilute ether solution. 


pressure) is less than if the acetone retained in this solution the proper- 
ties which it possesses in an extremely dilute solution in ether. 

If ether is considered to be the solvent, its activity at any mole frac- 
tion is simply the ratio of the partial pressure to the vapor pressure of 
pure ether, which is 646.0 mm. For example, the partial pressure of 
ether at 0.295 mole fraction is 266.0 mm, and the activity of the ether is 
266.0/646.0 or 0.412. If the solution were ideal, the activity would 
be 0.295. 

Of course it is quite arbitrary to take ether as the solvent and acetone 
as the solute; equally useful results would be obtained if ether were 
considered to be the solute. The standard state adopted should be 
specified, but in calculations involving only changes in concentration 
the standard state cancels out. 

It may be suggested that nothing is gained by the introduction of 
these arbitrary quantities, fugacity and activity—that the ability thus 
acquired to express laboratory facts with simple formulas is artificial. 
However, 2 great gain is made in a practical way. The relation between 
activities and concentration may be determined empirically for a given 
substance by independent experimental measurements, and then many 
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of the useful formulas of thermodynamics may be applied with exact- 
ness. Particularly in the study of electrolytes where the electric charges 
cause large deviations from ideal behavior, it is necessary to use activi- 
ties even in fairly dilute solutions. 

Methods for determining activities of electrolytes and other solutes 
are described and illustrated in the appendix on pages 682 to 688. 

Influence of Temperature on Chemical Equilibrium. According to 
equation 24 for ideal gas systems, 


—AF®° = RTInK, 
Differentiating with respect to temperature gives 


—d AF°® dln Ky 
—— = Rlnk,+ RT 
dT dT 


According to the Gibbs—Helmholtz equation * (page 161): 


(34) 


AF® — AH = T —— (35) 


Substituting in equation 35 the value of d AF°/dT obtained in equa- 
tion 34 


din K 
AH — hFS RT in ee ue (36) 


Adding equation 24 to equation 36 and rearranging, we have 


din Ki CAE 
dT RT? 


(37) 


This is a very important equation which is used for calculating heats 
of reaction from chemical equilibria, and for calculating equilibrium 
constants at different temperatures. The Clausius—Clapeyron equation, 
discussed on page 177 is a special case of this more general equation. In 
fact, the equilibrium constant K, can be extended to include any type 
of equilibrium such as reactions of gases or solutes, vaporization of 
liquids, and sublimation or solubility of solids. 

For equilibria in solutions (at constant pressure) equation 37 is 
written 

din kK. AL 


dT Rie 
*Since the pressures are constant for AF®, partial differentiation holding p con- 
stant has been replaced by ordinary differentiation. 


(38) 


ne a 


STA 
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For gaseous equilibria, where K, = K.(RT)*” it can be proved that 
Cink, An 
ie OG 


If the temperature range is small, or if the heat capacities of reactants 
and products are nearly the same, AH can be assumed to be constant, 
and integration of equation 37 gives 


(39) 


Ink, = —- ——+C 40 
N Ap Rr (40) 


Data are given in Table V for the equilibrium constant at different 
temperatures for the reaction Ng + Og = 2NO. Given also are the 


TABLE V 


EQuiLiprium CONSTANTS FOR THE ReacTION Ny + O2@ 2NO anv EqQuinisRium 
Pressures oF Nitric OxiIpE 


Partial Pressures of NO in Atmospheres 
ng a 
: PN, = 0.8 PN, = 0.8 PNo = 0.8 
Po, = 0.2 Po, = 0.1 Po, = 0.05 
1800 Need! OFLA Selina Oe stl Or es 0829 10m? 
1900 2.31 0.61 0.48 0.31 
2000 4.08 0.81 0.57 0.40 
2100 6.86 1.05 0.74 0.53 
2200 11.00 oe 0.94 0.67 
2300 16.90 1.64 1.16 0.82 
2400 25.10 2.00 1.42 1.00 
2500 36.00 2.40 1.70 1.20 
2600 50.30 2.84 2.01 1.42 
2700 68.70 3.32 2.34 1.66 


partial pressures of nitric oxide in equilibrium with air and with mixtures 
of nitrogen and varying amounts of oxygen. The equilibrium pressures 
of nitric oxide are proportional to the square roots of the pressures of 
oxygen when the pressure of nitrogen is kept constant. 

In Fig. 70 the values of log K, are plotted against 1/7’, and it is evi- 
dent that a straight line is produced. Such a result is to be expected 
from equation 40, and, in fact, the heat of dissociation AH can be cal- 
culated from the slope of the line, as follows: 


AH = —slope X 2.303R (41) 
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For this reaction AH is 43,520, since the slope is —9,510 and R is 
[OSMlcalte apare ae 


PER tor 


14 


1.2 


3.75 400 425°" 450 475 9) 50 6.0.) —550 
VT x104 


Fic. 70. Log Ky plotted against 1/7’ X 10‘ for the formation of nitric oxide. 
heat of reaction is calculated from the slope of the straight line. _ 


The 


The value of the integration constant C in equation 40 can be deter- 
mined from experimental values of K, at definite temperatures, and 


the practical working equation becomes 
— 43,520 


+ 1.365 
2.303 X 1.987T 


log Kp = 


Equation 37 can be solved also by integrating between limits Kp, at Ts 
and Kp, at the lower temperature T;, as was done on page 178. 


—AH®/1 1 
In Kes In KS. = <a T, — T. 
2 1 
tee Ke 4 AH°® (F os -) (42) 
a 2,008R:\Ps XK Ts 
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Example 24. Calculate the heat of dissociation of nitric oxide from the data 
at 2000° K and 2500° K given in Table V. 


Re 0.00360 AH (x — 2000 


K,,  °8 0.000408 ~ 2.303 x 1.987 \2500 < 2000 


log 
and 
AH = 43,300 
Example 25. The equilibrium constant K, for the reaction, 
CO + H.0O= CO, + He 


is 10.0 at 690° K. The heat of the reaction AH is —10,200 cal. Calculate the 
partial pressure of each of the gases in an equilibrium mixture prepared by mixing 
0.400 mole of CO and 0.200 mole of H2O in a volume of 5 liters at 500° K. 


Keg0° x ah —10,200(690 rr. 500) 


= = —1.22 
Kso0cx 2.803 X 1.987 XK 500 X 690 SG 


log 


log Ksooox = log 10.0 + 1.2275 = 2.2275 = Ksooox = 169 


Let « = number of moles of CO2 and Hy: produced. 


() (=) : 


K, = 169 = ——_—— = 
ie 4A — x)(0.2 — 
| o- i) “ |[ 02 — x) =) Ce ae 
v v 
x = 0.199 
nRT 0.199 X 0.08205 < 500.0 
Peo: = Pus = Se = NRE HUON 
v 5 
a ) 
Se (0.4 — 0.199) a x 500.0 Sa Gs aiine 
fo be ¥ 
_ (0.2 — 0.199) XK 0.08205" 500.0 Nine 


Pu.0 = i 


If the heat of reaction at constant pressure is zero, the right-hand 
sides of equation 37 or 38 becomes equal to zero. In other words, in 
such a reaction a change in temperature does not cause a displacement 
of the equilibrium. 

The reaction of acetic acid and ethanol is an example of a reaction 
in which very little heat is evolved. Accordingly, the equilibrium con- 
stant should have practically the same value at all temperatures. 
Experimental measurements show that this is indeed the case. 

Influence of Temperature on Free-Energy Changes. We have just 
seen how to calculate equilibrium constants at a specified temperature 
if we know the equilibrium constants at two different temperatures or 
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if we know the equilibrium constant at one temperature and in addition 
know the heat of reaction. Another approach to the same problem is 
through the calculation of the free-energy change for the reaction at a 
specified temperature. Knowing AF®, we can then calculate K from 
the important relation AF? = —RT In K. 

In the present section we will show how to calculate the change with 
temperature of AF° from a knowledge of the heat of reaction and the 
heat capacities of products and reactants. Often the free energies of 
formation AF;° and the heats of formations AH; and the heat capacities 
are known at 25°, and it is desired to calculate AF° at high tempera- 
tures. In order to obtain a formula for calculating free-energy changes 
at different temperatures, we first differentiate AF/T with respect to 
temperature at constant pressure, thus: 


AF (AF) aT 
ea ebay SH je 
T ar aT 


re oe 


But, according to the Gibbs—Helmholtz equation derived on page 161, 


at constant pressure, 
o(AF)— AF- AH 
= —— — —— (44) 
oT E iy 


Substituting into equation 48, we have 


(=) (= AH 
(5) t(4-S)-ar 
dk 2 L AH 


ar gt ear ae 


But AH depends on the temperature and on the difference between 
the heat capacity of the products and the reactants (page 137), as 
shown in the equation, 


AH = AH) + f AC, dT (46) 


where AHp is an integration constant, a hypothetical heat of reaction 
at absolute zero, if it is assumed that the heat capacity relations, de- 
termined at ordinary temperatures, hold down to absolute zero. The 
heat capacity of a substance can usually be expressed by an empirical 
equation of the type, 


Cp = To + TT + Tel? +--- (47) 


- ALIA BE Se eee rd 
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where the I's represent empirical constants. Since the difference be- 
tween the heat capacity of the reactants and the products is AC», 


AC, = Cc; (products) — C, (reactants) — AL oy ae A se AY T? apeec (48) 


On substituting into equation 46 and integrating, we get 
AH ="AHG + 40, aT = AHy + AToT + $AT,T? 


+ ZAT2T? +--+ (49) 


and, again, substituting equation 49 into equation 45, 


(2) 
F —AH —AH y — AToT — $AT,T? — 4AP,T? —--- 
are a pe oe 


On integrating, we have 


AF  AHy : pte lat 
Stipe ee ea ALE — ALT set] (51) 


and 
AF = AHy — AToT In T — $AT,T? — ZAT2T? ---+ IT (52) 


The integration constant AH») may be evaluated by the experimental 
determination of AH at some temperature; and the integration con- 
stant J may be evaluated by the experimental determination of AF at 
a definite temperature. 


Example 26. Calculate the free energy of formation of hydrochloric acid at 
1327° or 1600° K from the free energy and heat of reaction at 25°. 


He + $Cly = HCl, Ind le = — 22,692, AFloog x = — 22,063 
By equation 46, 
Li 
AH, = AHS f AC, aT 
0 


According to the empirical equations for the heat capacities of gases (page 135) 


ACy = Conca — (Con, + 2Cr,cy) = 6.70 + 0.000847 


= (= + 0.000817 st 8.28 + 0.000567 


3 ; ) = —0.75 + 0.000155T 


AHy = —22,063 + 0.75 X 298 — 4 X 0.000155 x 298? = —22,063 
+ 224 —7 = —21,846 
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Substituting in equation 52 yields 
~22,692 = —21,846 + 0.75 X 298 X 2.303 X 2.474 — 3 X 0.000155 
X 298? + 298] 


pa 22892 + as ee la ena 


and 
AF® = —21,846 + 0.75T In T — 7.75 X 10-72 — 7.087T 


This general equation may now be used to calculate the free energy of forma- 
tion of hydrochloric acid at any temperature for which the heat capacity equa- 
tions are valid. 


AF 00x = — 21,846 + 0.75 X 1600 X 2.303 X 3.204 — 7.75 X 10° 
x 1600? — 7.087 X 1600 = —24,528 


Hydrochloric acid is less stable at the higher temperature. This difference in 
stability is easily seen by comparing the equilibrium constants. 

At 25°, AF° = —22,692 and K = 4.3 X 10'*, whereas at 1327°, AF® = 
—24,528 and K = 2.2 X 10°. 


Calculations of Equilibrium Constants from Enthalpy and Entropy. 
The relation between the entropy change and free-energy change in an 
isothermal reaction was given in equation 20 of Chapter VIII: 


AF = AH — TAS (53) 


It is evident that, when there is no change in entropy during a reaction, 
the change in enthalpy is equal to the change in free energy. Usually, 
however, there is an entropy change during the reaction, and the de- 
crease in free energy is greater or less than the decrease in enthalpy, 
depending on the sign of AS. 

Since entropies and heats of reaction can be determined from calori- 
metric measurements alone, it is now possible to calculate free-energy 
changes and equilibrium constants without involving any chemical 
measurements. This determination of chemical affinities from thermal 
data is a goal which was eagerly sought by many early investigators. 

The calculation of chemical equilibria from entropy data using equa- 
tion 53 and equation 10 of Chapter VIII is particularly valuable in 
organic chemistry because frequently no other method is available. 
Often the reaction rates are so very slow that direct measurements of 
equilibrium are impossible. Methane may be taken as an example. 
Methane appears to be a stable substance at room temperature, and 
carbon and hydrogen appear to be unreactive toward each other. It is 
not possible then to measure the equilibrium among the three at low 
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temperatures, but it may be determined indirectly from the entropies 
and the heat of reaction. 


Example 27. Calculate from thermal data alone the equilibrium constant of 
the following reaction at 600°: 


Cr + 2H» (g) = CH, g) AH 373 = — 21,045 


The entropies of Cgrapnitey He, and CH, are 4.8, 38.9, and 56.6, respectively, at 
873° K and 1 atm. 


AS =\Sproaucts — Sreactants = 56.6 — (88.9 X 2 + 4.8) = —26.0 


AF® = AH — T AS = —21,045 — [873 & (—26)] = 1653 
Since 
AF® = —RT In K 


K = 0.386 AG Af Ah? 


This method of calculating equilibrium constants from entropy data 
has come into extensive industrial use, particularly in determining 
whether or not a given synthesis is thermodynamically possible. 

The limiting factor in many calculations of this type is the low accu- 
racy with which the heats of reactions are known. These values are 
usually obtained from differences between large quantities, and a small 
error in one of these values makes a large error in the value of AF. In 
the calculation of the methanol equilibrium, for example, an error of 
0.1 per cent in one of the values for the heat of combustion makes an 
error of 35 per cent in the equilibrium constant. For a time the validity 
of the third law itself was questioned because of the large discrepancy 
between the calculated and observed equilibrium in the methanol syn- 
thesis. This discrepancy was finally traced to a considerable error in 
the heat of combustion of methanol. As a rule, a greater error can be 
tolerated in the entropy measurements than in the measurements which 
determine the values of the enthalpy. 

Many new measurements of entropies and free energies are being 
recorded in the current literature, and tables of reliable data will ulti- 
mately make possible the calculation of most equilibrium constants. 
Parks and Huffman * gave an excellent collection of the data for organic 
compounds available up to 1932, together with theoretical discussions 
and examples of the use of these data. A very helpful collection of 
data and techniques for calculating thermodynamic data has been 
written by Wenner.f Semiempirical and theoretical methods are 


ll 


* Parks and Huffman, ‘Free Energies of Some Organic Compounds,” The Chem- 
ical Catalog Co., New York, 1982. 

t Wenner, ‘““Thermochemical Calculations,’”’ McGraw-Hill Book Co., New York, 
1941. 
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given for estimating specific heat and other important constants from 
meager data. 

When data are not available for certain compounds it is still possible 
to estimate free energies and entropies, using empirical rules based on 
the molecular structures. For example, when CHs3 is substituted for 
a hydrogen atom, attached to a chain, the molar free energy of forma- 
tion at 25°, AFS9sx is increased by about 1900 cal; when C2H; is sub- 
stituted, it is increased by 3000 cal. In a similar way the substitution 
of a hydrogen atom by an OH group to form a primary alcohol gives a 
change in AF'$9g x of —34,000; Cl for H gives a change of —1600; NH2 
for H gives a change of 6000; and NO, for H gives a change of 7000. 
For example, if AF'$ogx of CoH, is known to be —10,700, AF esac Of 
C2Hs0H should be about (—10,700 — 34,000), or —44,700. Experi- 
mental measurements give —40,200 cal. 

Useful rules for estimating enthalpies, entropies and free energies are 
given by Hougen and Watson.* Extensive tables of enthalpies, en- 
tropies, and free energies at different temperatures, are now becoming 
available. Special attention has been paid to the hydrocarbons. 

Equilibria between Solids and Gases. The calculation of an equilib- 
rium constant is simplified if one or more of the substances taking part 
in the equilibrium is a solid or a liquid. As long as the solid or liquid is 
present, the partial pressure of the gas remains fixed and equal to the 
vapor pressure. Moreover, this pressure is independent of the amount 
of solid or liquid present. This constant pressure can then be incor- 
porated in the equilibrium constant. Pure solids and liquids and the 
vapors in equilibrium with them are usually assigned activities of unity, 
and so they can be neglected in writing the expression for the equilib- 
rium constant. Thus, for the reaction, 


CaCO3 (s) = CaO(s) + COs (g) 
the equilibrium constant may be written 


elle Pcao X PCoz 
PCaCOs 

Since Pcao and pcaco;, are constant at any one temperature, they do 

not really affect the equilibrium, and the constant K,y is used where 


Ky = PCoz (54) 


* Hougen and Watson, ‘Chemical Process Principles Part IT. Thermodynamics,” 
John Wiley & Sons, New York, 1947. 

{ Rossini and associates, ‘Selected Values of Chemical Thermodynamic Prop- 
erties,” National Bureau of Standards, Washington, D. C., 1947, and American 
Petroleum Institute Research Project 44. 
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The relation between K, and K,’ is 


re ae PCaCOz 
PCao 
The equilibrium constant, at any one temperature, is determined 
solely by the pressure of the carbon dioxide evolved. Table VI gives 
the values of the pressure of carbon dioxide corresponding to various 
temperatures. 
TABLE VI 


DissocIATION PRESSURES OF CaCQ3 


Temperature, Pressure, 

°C atm 
500 0.000096 
600 0.00242 
700 0.0292 
300 0.220 
897 1.000 

1000 3.871 

1100 11.499 

1200 28 .680 


When solid ammonium hydrosulfide is heated, it is almost completely 
dissociated into ammonia and hydrogen sulfide, as shown by the fol- 
lowing equation: 

NH4HS (s) = NH3 @g) + HeS G)- 


This reaction was investigated by Isambert, who found that the total 
gas pressure at 25.1° is equal to 0.66 atm. Writing an equilibrium con- 
stant for this reaction and remembering that pyy,ys, the vapor pressure 
of the solid ammonium hydrosulfide, is constant, we have 


Pnu; X PHS 
Kee = + Ka = PNH3 x PHS 


PNH4HS 


where K, is a constant at a given temperature. 

The total pressure P must be equal to the sum of the partial pressures, 
but the NH,HS is so largely dissociated that its pressure can be neg- 
lected. Then: 


P = pyu, + Pus + Pres & Pru; + Pms 
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It must be clearly understood that pyy,ng is neglected in determining 
the total pressure because it is small, but that it disappears in the equi- 
librium constant K not because it is small but because it is constant. 
Hence, since pyn, = PHS; 


Tee a OGG 


= mr = 0.33 = puna, = PHS 


K, = 0.33 XK 0.83 = 0.109 


Table VII gives various values of the equilibrium constant calculated 
from experiments in which an excess of H2S or NHg3 was added to the 
dissociated NH,HS vapor. 

TABLE VII 


Equruiprium Pressures oF NH4HS (25.1°) 


Pressure of Pressure of 


Ammonia Hydrogen Sulfide PNH; X Pus = Kp 


0.274 0.387 0.106 
0.182 0.603 0.110 
0.549 0.192 0.105 
0.596 0.188 OlT12 

Mean 0.108 


As will be seen, the mean value of the equilibrium constant agrees 
well with the value found for equivalent amounts of the products of 
dissociation. 

The dissociation of ammonium carbamate takes place according to 
the equation: 


//ONHs 
are = 2NH; + CO. 


This dissociation has been very carefully investigated by Briggs and 
Migrdichian.* 

If we omit the vapor pressure of the solid, pyy,oconn, because it is 
a constant in the presence of the solid compound: 


eee 2 
Kp = PNH; x PCO» (55) 
* Briggs and Migrdichian, J. Phys. Chem., 28, 1121 (1924). 
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The total pressure P is due to 3 moles of gas (2NH3 + COg), since 
ammonium carbamate dissociates, as soon as it vaporizes, leaving only 
a negligible concentration. Then, 


Pru; = 3P and pco, = 3P 


and when P refers only to gases in which pyy, = 2P¢o,, equation 55 
becomes 
Ape 


27 


Pp 


At a definite temperature K, has a fairly constant value even when an 
excess of ammonia or carbon dioxide is added. 


Example 28. For the reaction C (s) + 2H,— CHa at 1000°, K, = 0.263. 
Calculate the total pressure at equilibrium when 0.100 mole of CH, is placed 
in a volume of 2 liters at 1000°. Let 2 = the number of moles of CH4 which 


dissociate. 
nRT _ (0.1 — x)(0.08205)(1273) _ 


Pou, ; 5 OP) SI) ep 
nRT 22(0.08265)(1273) 
PH. coe = = 104x 
v 2 
Pow, 0-22 — 52.2% 
= 2 i => = . 
K, = 0.263 ae (i042)? TI 035 
(0.1 — 0.035)(0.08205) (1273) 
Por, = 5) = 3.4 


2(0.035)(0.08205)(1273) 
PH. ar 9 oa 


Total pressure = 3.4 + 3.7 = 7.1 atm 


3.7 


Influence of Temperature on Equilibria between Solids and Solutions. 
When a liquid or solid is surrounded by gaseous space, molecules leave 
the liquid or solid and build up a gaseous pressure which increases until 
a state of equilibrium is attained such that the rate at which molecules 
return to the surface is equal to the rate at which molecules leave it. 
These equilibrium pressures are called vapor pressures and sublimation 
pressures. In a similar manner, when a solid is surrounded by liquid, 
molecules pass out into the liquid and increase in concentration until 
an equilibrium is established at which the rate of deposition is equal 
to the rate of solution. This equilibrium concentration is known as 
the solubility. As long as solid solute is in contact with the solution, 
the concentration is fixed at the saturation concentration or solubility. 
The equilibrium constant then is the solubility expressed in molalities 
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or mole fractions; and sometimes in moles per liter. The solubility of 
a slightly soluble liquid may be treated in the same way as the solubility 
of a solid. The concentration of the solute in the surrounding solvent 
is usually very much greater than it would be in an evacuated space, 
because the solvent molecules exert an attraction for the solute mol- 
ecules. Then, for the equilibrium, 
Asad = Asatoion 
K. = Cgat. solution — § (56) 
where s is the solubility expressed as molality m,,;, or mole fraction 
Nosat.. Then, according to equation 38, 
GW Nows |, Algae 
2sat = “ ( 57) 
dT ya i 


or 
d In Msat. as 
ar RP? oe 


Equation 57 is an exact equation for ideal solutions in which AH,,;, is 
the heat of solution of the solute in the saturated solution. It is clear 
that for nonideal solutions more complicated equations will be required 
which allow for the change in activity with the concentration and with 
the temperature. * 

Equilibria of a Solute in Two Immiscible Solvents. If a solid (or 
liquid) is soluble in two different liquids which do not mix with 
each other and an excess of solute is added to the two liquids in contact, 
each becomes saturated and the concentrations in the two immiscible 
solutions will be different, depending on the relative solubilities. 

In unsaturated solutions there is also a definite equilibrium of solute 
between the two immiscible solvents. The solute will distribute itself 
between the two solvents until equilibrium is reached, and the rate of 
passage of molecules across the surface between the two liquids is the 
same from the first solvent to the second as it is from the second solvent 
to the first. This ratio of concentrations in the two solutions is known 
as the distribution ratio or sometimes as the distribution coefficient. 
Then, 

C2 


Cy 


where cz and c; are the concentrations in the two solvents. 


* Wiiliamson, The Exact Calculation of Heats of Solution from Solubility Data. 
Trans. Farad. Soc., 40, 421 (1944). 


piece 
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This distribution ratio K, would be the same as the ratios of the solu- 
bilities Kosa, if both the solutions were ideal. However, there is usually 
interaction between solute and solvent which is not the same in the two 
solvents and which changes with the concentration. Particularly if 
the solute is highly soluble, the value of K, in dilute solutions will depart 
considerably from the value of K,..., but over comparatively small 
concentration ranges equation 59 can be applied for most practical pur- 
poses, as shown in Table VIII. 


TABLE VIII 


DISTRIBUTION OF BROMINE BETWEEN WATER AND BROMOFORM 


Moles per liter in water 0.0075 0.015 0.022 6.029 0.036 

Moles per liter in bromoform 0.5 1.0 iNest) 2.0 M45 

ee nes 66.7 68.2 68.7 68.8 68.9 
CHO 


If the solute possesses a different molecular weight in the two solvents, 
a complication is introduced, and K as given in equation 59 may change 
considerably as the concentration is changed. One example is the dis- 
tribution of electrolytes between water and an insoluble organic liquid 
such as benzene. Hydrochloric acid dissolves in water to give H* and 
Cl~ ions, but in benzene it is not dissociated. In other cases, as, for 
example, benzoic acid, the molecules associate in nonpolar solvents like 
benzene to give double molecules as determined by boiling-point or 
freezing-point measurements (page 233), but they do not associate in 
polar solvents like water or ether. 

If a substance is associated into a double molecule in one solvent but 
has a normal molecular weight (equal to the sum of the atomic weights) 
in the other, the equilibrium may be written Ag — 2A, and the equi- 
librium constant is given by the formula: 

2 
K, =~ (60) 


CAo 


In the more general case where the molecule associates into n mole- 


cules A, = nA, and 
on” 
K, =— (61) 


CA, 


The properties of mixed solutes are additive in dilute solutions, each 
solute behaving as if the other were not present. In some cases and 
particularly in concentrated solutions, however, the presence of other 
solutes may profoundly affect the distribution ratio either by forming 
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some complex compound between the solutes or by combining with the 
solvent molecules and thus changing the character of the solvent. A 
common example of the latter procedure is the “salting out” in solvent 
extraction. Certain organic material for example can be removed from 
water by repeated extractions with ether, but the extraction can be 
improved by saturating the water with sodium chloride or other salt 
which does not dissolve in the ether. A similar case was discussed on 
page 204. 

Extraction with immiscible solvents is an important operation which 
finds many practical applications in organic chemistry, in biochemistry 
and in inorganic chemistry. Organic compounds are frequently more 
soluble in organic solvents than in water and can be removed from 
water by shaking with hydrocarbons or other immiscible organic liquids. 
Proteins and other compounds in plant and animal products can be 
separated by suitable choice of solvent and electrolyte concentration. 
Several inorganic salts, like ferric chloride, are soluble in organic sol- 
vents. A separation can then be effected from salts of metals such as 
potassium which are not soluble. Choice of solvent, addition of “‘salt- 
ing out” solutes, change of valence, and use of “‘complexing”’ agents are 
some of the variables which can be used to increase the efficiency of the 
separations. 

The greater the surface area exposed between the two liquids, the 
more rapidly will equilibrium be achieved. The equilibrium will not 
be affected, but the time taken to effect a separation can be greatly 
reduced. Accordingly, it is common practice to shake the two solutions 
together. The most effective separation involves flowing two different 
immiscible solvents of different densities in opposite directions through 
tall towers filled with special packing to give a large surface like the 
fractionation towers used for separating liquids by vaporization and 
condensation. These packed towers are equivalent to a large number of 
batch extractions, and, like any continuous process, they are preferred 
for industrial or large-scale operations. The number of theoretical 
plates equivalent to the number of batch operations replaced can be 
calculated for a solvent extraction tower in much the same manner that 
the number of theoretical plates is calculated for a fractionating column. 
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PROBLEMS 


1. Sulfur trioxide dissociates according to the reaction: 
2803 — 2802 + Oe 


At 630° the density of the partially dissociated gases is 0.000927 g per milliliter at 
one atmosphere. Calculate (a) the degree of dissociation of SO3 into SO2 and Oxs, 
(b) the equilibrium constant of the reaction, K». Ans. (a) 0.829. (6) 0.0357. 
2. For the gaseous reaction COCle = CO + Cle at 100°, the dissociation con- 
stant K, is 6.7 X 10~*. Calculate the partial pressure of carbon monoxide in equi- 
librium with phosgene at this temperature under a total pressure of 2 atm. The 
dissociation is so slight that the partial pressure of phosgene may be taken as equal 
to the total pressure. Ans. 1.16 X 1074 atm. 
3. For the reaction 2HI = He + Ip at 698.6° K, K, = 1.83 X 107-7. (a) How 
many grams of hydrogen iodide will be formed when 10 g iodine and 0.1 g of hydrogen 
are heated to this temperature in a 2-liter vessel? (6) What will be the partial pres- 
sures of Ho, Je, and HI? Ans. (a) 8.70. (b) He, 0.448; Is, 0.155; HI, 1.95 atm. 
4. When 0.00645 mole of amylene and 0.001 mole of acetic acid are mixed in 
845 ml of an inert solvent, 0.000784 mole of ester is formed according to the reaction: 


CH3COOIL + CsHig = CH3COOCsHy4 


How much ester will be formed when one mixes 0.00584 mole of amylene and 
0.001 mole of acetic acid in 575 ml? Ans. 0.000826. 
5. From the table of free energies of formation state whether the reaction, 


CO (g) + PbO (s) = COz (Gg) + Pb (s) 


can proceed at 25°, and calculate the equilibrium constant. 
Ai, MGR IK = 1K) SE TIO, 
6. Determine (a) AF? and (6) the equilibrium constant at 298° K for the reaction, 


COz + He = H,O + CO 
from the following data: 


COsz (y) + 4H (g) = CHa (g) + 2H20 (9) AP oogx = —26,912 
2He (9g) + O2 (g) = 2H20 (g) AFaosx = —109,014 
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2C (s) + Oe (g) = 2CO (g) AF 28x = —65,020 
C (s) + 2H2 Gg) = CHa (9) AF 998K — 12,206 
Ans. (a) 7,291. (b) 4.5 X 10~*. 

7. For the reaction, A + B — AB, AF® = —2000 cal at 27°. Under what total 
pressure must an equimolecular gaseous mixture be placed in order to produce a 
40 per cent conversion into AB? Ans. 0.062 atm. 

8. Because of dissociation, the molecular weight of NoO4 is not 92.02 but some- 
where between 92.02 and 92.02/2, depending on the temperature and pressure. 
The reaction is NoO4 — 2NOc. The average molecular weights Mayg under one 
atmosphere total pressure and at different temperatures are as follows: 

te tas 35° bbe 
Maye 82.00 72.45 61.24 


Calculate the degree of dissociation and the equilibrium constant K at each of 
these temperatures. 
(a) Plot log K against 1/7, and determine AH for the dissociation of N2O«. 
(b) Calculate the equilibrium constant at 25°. 
(c) Calculate the degree of dissociation a at 25° when the total pressure is 1 atm. 
Ans. (a) 14,600. (6) 0.141. (c) 0.185. 
9. AH for the gaseous reaction CoH, + D2O — C2D2 + H20 is 530 cal. At 25° 
Kp is 0.82. How much C2Dz is formed if 1 mole of C2H2 and 2 moles of D2O are 
put together at a total pressure of 1 atm and at 100°? Assume that the reactants 
and products have equal heat capacities and behave as perfect gases. Ans. 0.66. 
10. In a study of the formation of methane from hydrogen and graphite Storch 
used the following data: 


For hydrogen (H2) Cp = 6.85 + 0.000287 + 0.000000227T7 
Soosk = 31.23 
For graphite (C) Cp = 1.22 + 0.004897 — 0.00000111T? 


For methane (CH4) Cp = 4.38 + 0.014177 
Soosk = 43.39 


(a) Calculate the entropies of each of these substances at 873° K at constant pres- 
sure. 
(b) Calculate AS°g73« for the reaction 


Coraphite + 2H»2 (9) — CH, (9) 


Ans. (a) Hydrogen, Sg73k = 38.82; graphite, Sg73x = 5.04; 
methane, Sg73x = 56.25. 
(b) —26.4 cal per degree. 
11. (a) From the data of the preceding problem calculate AC, for the reaction: 


Chaninge + 2H2 @) = CH, g) 


(b) Find an equation expressing AH® as a function of temperature. AH 99x 
for this reaction is —18,062 cal. What is the value of AH °? 
(c) Calculate AH® for the reaction at 873° K. 
Ans. (a) AC, = —10.54 + 0.008727 + 0.00000067 T?. 
(b) AH® = AH)? — 10.547 + 0.004367? + 0.000000227%. 
AH, = —15,313. 
(c) AH gra = — 21,045. 


se 
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12. (a) Using the equation for AH® and the value of AH»? from the preceding 
problem, give an equation expressing AF® as a function of temperature. AF°g9gx 
= —11,994 cal. What is the value of J? 

(b) Calculate AF%s73x. 

(c) Calculate K, for the reaction Cigrapnitey + 2H2 (g) = CH4(g) at 873° K from 
the free-energy value of (6). 

Ans. (a) AF® = —15,313 + 10.547 In T — 0.004367? — 0.000000117% + IT 
I = —47.6. 
(b) AF°s73x = 2100. 
(c) Kp at 873° K = 0.30. 

13. Using the values of AH°s73 and AF%s73 obtained from Problems 11 and 12, 
respectively, calculate AS°s73x for the formation of methane from hydrogen and 
graphite. Compare the result with Problem 10b. Ans. —26.4 cal per degree. 

14. From the following data show that there is a decrease of entropy in the sulfur 
system when monoclinic sulfur changes spontaneously into rhombic sulfur at 25°, 
but that there is an increase in the entropy of the surroundings which more than 
offsets this decrease. Thus the total entropy (of the universe) is increased, as required 
for a spontaneous reaction. Also calculate the free-energy change for the sulfur 
system, and discuss the sign. From low-temperature heat-capacity measurements 
the entropy of monoclinic sulfur at 25° is 7.78 cal deg—! mole, and that of rhombic 
sulfur is 7.62 cal deg“! mole™!. For the reaction Sponoctinic — Srnompic at 25° AH 
= —71 cal. 


Ans. ASsuitur = Srhompie — Smonoetinie = 7.62 — 7.78 


—0.16 cal degree! mole! 


AH gutur = —71 cal = heat evolved by sulfur = heat absorbed by surroundings 
heat absorbed b di 71 
alot eat absorbe 7 surroundings _ Be Sot noe 


AStotat = Ssuttur + Ssurroundings > —0.16 + 0.24 
> 0.08 cal deg! mole! > 0 

AFeuitur = SH — T AS = —71 — 298 (—0.16) 

—71 + 48 = —23 cal/mole 


ll 


For the reaction Smonoclinic —> Srhombie the total entropy increases, and the reaction 
is thus spontaneous. Likewise, the free energy decreases, and, accordingly, the 
reaction is spontaneous. 

15. Mercuric oxide dissociates according to the reaction, 2HgO = 2Hg (g) + Oz. 
At 420° the dissociation pressure is 387 mm, and at 450° it is 810 mm. Calculate 
(a) the dissociation constants, and (b) the heat of dissociation per mole. 

Ans. (a) 0.0196; 0.1794 atm. (b) 36,750 cal per mole. 

16. At 1273° K and at a total pressure of 30 atm the equilibrium in the reaction 
CO, + C (s) = 2CO is such that 17 molar per cent of the gas is COs. (a) What 
percentage would be CO, if the total pressure were 20 atm? (b) What would be 
the effect on the equilibrium of adding Ne until the partial pressure of Ne is 10 atm? 
(c) At what pressure will 25 per cent of the gas be COg? 

Ans. (a) 12.5%. (b) No effect. (c) 54 atm. 
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17. Write the expression for the equilibrium constant K, for the formation of 
nitric oxide, No + Oo = 2NO. 

(a) Show that a maximum yield of nitric oxide is obtained when the nitrogen and 
oxygen have the same partial pressures. 

(b) What will be the effect on K, of compressing the equilibrium mixture so that 
the total pressure is increased from 1 atm to 10 atm? 

(c) What will be the effect on the partial pressure of nitric oxide of compressing 
the equilibrium mixture so that the total pressure is increased from 1 atm to 10 atm? 

18. (a) At what total pressure will PCl; be dissociated at 250° to the extent of 
20 per cent into PCl3 and Cl? K, = 1.78. 

(b) What is the weight of a liter of the partially dissociated gas at this temperature 
and pressure? 

19. The following equation has been found to apply to the reaction N20, == 2NOdg: 


14,600 


~ 45767 © gt 


log Kp = 


(a) Calculate the value of K, at 50°. 

(b) Calculate the degree of dissociation at this temperature when the total pres- 
sure is 0.5 atm. 

20. Show that for a reaction of the type, 


AB=A+B8B 


at any temperature, the total pressure at which AB is 50 per cent dissociated will be 
numerically equal to three times the equilibrium constant K,. 

21. Adkins and Adams studied the equilibria involved in the formation of acetals 
by titrating the mixture and determining the aldehyde concentration. At 25°, 1 
mole of ethanol was mixed with 0.091 mole of acetaldehyde in a volume of 63.0 ml, 
and it was found that, when equilibrium was reached, 90.72 per cent of the acetalde- 
hyde had reacted. The reaction is 


2C2H;0H + CH3;CHO = CH3;CH(OC2Hs)2 + H2O 


(a) Calculate the equilibrium constant, assuming an ideal solution. 

(b) If the mixture is diluted to 300 ml with an inert solvent, what per cent of 
acetaldehyde will have reacted? 

22. What is the free-energy change when 1 mole of NoOg at 25° and 2 atm is 
converted into 2 moles of NO at 0.2 atm? For the reaction NoOs = 2NO» at 25° 
K, = 0.141. 

23. For the gaseous reaction at 200°, 


AS =A Boies 


AF® = 1000 cal. When 2 moles of B is mixed with 1 mole of A, what total pressure 
must be applied in order to produce a 60 per cent conversion of A into AB»? 

24. Calculate the activity of (a) acetone, and (6) ether in a solution in which 
ether has a mole fraction of 0.504. 

(c) Calculate the free-energy change involved when one mole of ether is evaporated 
from a very large quantity of solution in which the mole fraction of ether is 0.504 
and condensed in a very large quantity of solution in which the mole fraction of 
ether is 0.066. 
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25. The average molecular weights Mayg of NOz and NeO, at 1 atm total pres- 
sure are given in the following table at three temperatures. The reaction is 
N20O4 = 2NO2 

oe 25° 45° 65° 
Move 77.64 «66.80 56.51 


Calculate the degree of dissociation and the equilibrium constant at each of these 
temperatures. 

(a) Plot log K against 1/7, and determine AH for the dissociation of NeOu. 

(b) Calculate the equilibrium constant at 35°. 

(c) Calculate the degree of dissociation a for NyO4 at 35° when the total pressure 
is 0.5 atm. 

26. The following data apply to the reaction: 


Bre (g) — 2Br (g) 


ii 1123 1173 1223 1273 °K 
K, 0.000403 0.00140 0.00328 0.0071 


Determine by graphical means the heat change involved when 1 mole of Bre dis- 
sociates completely at 1200° K. 

27. In the formation of 1 mole of Ag] (s) from solid silver and solid iodine 14,815 
cal are evolved at 25°. From specific heat measurements at low temperatures the 
molal entropy of AgI (s) at 25° has been found to be 27.6 cal per degree, whereas the 
atomic entropy of silver at 25° is 10.2 and that of iodine is 13.3 cal per degree. Calcu- 
late the standard molal free energy of AgI (s) at 25°. 

28. The following data for isobutene may be found in the literature. Using any 
that are necessary together with data of previous chapters calculate the free energy 
of formation of gaseous isobutene at 25° (Todd and Parks, J. Am. Chem. Soc., 58, 
134 [1936)). 

Soox = 10.81 entropy units 


F.P. = —140.7° 

Heat of fusion = 25.22 cal per gram 

B.P. = —7.1° 

Heat of vaporization = 96.5 cal per gram 
AH of formation (25°) = —4060 cal 


Specific Heat 


T 93.3 105.5 118.9 139.2 166.1 179.8 210.2 253.1° 
C 0.2498 0.2749 0.3056 0.4547 0.4621 0.4681 0.4860 0.5173 


29. The equilibrium pressure of solid NH4HS is 500 mm at 25°. Assuming that 
the vapor is completely decomposed into NH3 and H2§, calculate the maximum 
pressure of H2S which can be added to a system containing NH3 at 50 mm without 
precipitating NH4HS. 

30. Picric acid distributes itself between the two immiscible solvents, benzene 
and water, at different concentrations as follows: 


Cone. in Water Phase 7 Conc. in Benzene Phase 
0.00208 mole/liter 0.000932 mole/liter 
0.00327 0.00225 
0.00701 0.0101 


0.0101 0.0199 
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Picric acid exists as nondissociated and nonassociated CgH2(NOze)30H in benzene. 
What conclusions can you draw regarding dissociation or association in the water 
phase? 

31. The heat of solution of acetic acid in water is —4180 cal and in chloroform 
—8778 cal. At 20° the distribution coefficient K = cy/ccuc, = 14.05. What is 
the distribution coefficient at 30°? 


32. For the formation of nitric oxide Ne + O2 = 2NO Kp at 2126.9° is 0.00251. 

(a) In an equilibrium mixture containing 0.5 atm of nitrogen and 0.5 atm of 
oxygen, what is the partial pressure of nitric oxide? 

(6) In an equilibrium mixture of Nz, Oz, NO, and other inert gases at 2126.9° 
and 1 atm total pressure, 80 per cent by volume of the gas is nitrogen, and 15 per 
cent is oxygen. What is the per cent by volume of nitric oxide? 

33. When sulfur dioxide is oxidized to sulfur trioxide in the presence of a catalyst 
at 727° the following relation holds: 


PSO3 1 
1 — ea | 
(22) V/ POz 


(a) What is the ratio of SO3 to SO2 when the partial pressure of oxygen at equi- 
librium is 0.3 atm? 

(b) What is the ratio of SO3 to SO2 when the partial pressure of oxygen is 0.6 atm 
at equilibrium? 

(c) What is the effect on the ratio SO3/SO2 when an equilibrium mixture contain- 
ing 0.3 atm of oxygen is compressed so that the total pressure is doubled? 

(d) What is the effect on the ratio S0O3/SOz2 if the total pressure of the mixture of 
gases is increased by forcing in nitrogen under pressure? 

34. Calculate the total pressure which must be applied to a mixture of three parts 
of hydrogen and one part of nitrogen to give a mixture containing 10 per cent ammo- 
nia at 400°. At 400°, K, = 1.64 X 107‘ for the reaction, Ne + 3H, — 2NHs. 

35. For the reaction, NeO4  2NOs, Kp at 25° is 0.141. What pressure would be 
expected if 1 g of liquid N2Oxq is allowed to evaporate into a liter vessel at this tem- 
perature? Assume that N20, and NO» are perfect gases. 

36. The free energy of the reaction, 


CO (g) + Cl (g) = COCK (9) 
can be represented by the equation: 
AF® = —24,100 + 4T7In T + 3.57 


Calculate the partial pressure of chlorine in equilibrium with phosgene at 200° 
and a total pressure of 1 atm, assuming that the gases are perfect gases. 

37. Iodine and potassium iodide are known to combine to a certain extent in 
aqueous solution in the formation mainly of triodide. Duplicate determinations at 
25° gave the following data: The concentration of KI used was 0.10000 N in the 
first case and 0.05019 N in the second. The sum of the concentrations of free iodine 
(Iz) plus the Ip equivalent of potassium triodide was 0.008246 and 0.012687 mole per 
liter, respectively. The concentration of free iodine Ip = 0.00012413, 0.000452 
mole per liter, respectively. Calculate the equilibrium constant of the reaction 
KI +1, = KI. 
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38. The reaction, 


2NOCI = 2NO + Cl 


comes to equilibrium at 1 atm total pressure and 227° when the partial pressure of 
the nitrosyl chloride NOC] is 0.64 atm at 25°. Calculate AF® for this reaction, and 
state exactly to what process this AF’? applies. 

39. The reaction A (g) = B (g) is at equilibrium when A has a partial pressure of 
10 atm and B has a partial pressure of 1 atm at 25°. Calculate (a) K, (b) AF° 3(@) 
caleulate AF for the reaction: 


A (2 atm) = B (1 atm) 


Ts the reaction spontaneous or not? 
(d) Calculate AF for the reaction: 


*A (1CO atm) = B (© atm) 


Is the reaction spontaneous or not? 

40. Calculate the activities of the solvent ether and the solute acetone at a 
mole fraction of acetone of 0.20 at 30°. 

41. The following reaction takes place in the presence of aluminum chloride: 


Cyclohexane = methyleyclopentane 


From the following data, calculate: (a) AF° at 25°, (b) AH at 25°: 


Temperature UK 
25° 0.148 
45 0.193 
65 0.272 


42. From the entropy values and the heats of formation given in Chapter V, 
together with the value 29.1 cal degree—! mole! for the entropy of AgeO at 25°, cal- 
culate AF° and K for the reaction, 


2Age0 (s) = 4Ag (s) + Oo (9) 


at 25°. What is the dissociation pressure of AgeO at 25°? 

43. Ten grams of calcium carbonate is placed in a container of 1 liter capacity and 
heated to 800°. How many grams of calcium carbonate remain undecomposed? 
If the amount of CaCO3 were 20 g, how much would remain undecomposed? 

44, At 56.0° the solubility of p-hydroxybenzoic acid is 3.31 g per 100 g of water; 
at 80.0° it is 13.43 g per 100 g of water. What is the solubility at 60°? 

45. The data for the solubility of urea in water are given below. Calculate the 
heat of solution of urea in H2O. Up to what concentration may this solution be 
considered ideal? For ideal solutions the differential heat of solution is equivalent to 
the heat of fusion of the substance. 


Nurea 1.000 0.9004 0.8190 0.7217 0.5680 0.4741 
ie 132.6 123.2 ,115.3 104.4 84.4 68.5 


46. The distribution coefficient at 25° of lactic acid between water and chloroform 
Couci;/CH,0 expressed in moles per liter is 0.0203. How much lactic acid will be 
extracted from 100 ml of a 0.8 molar solution of lactic acid in chloroform by shaking 
with 100 ml of water? 


302 CHEMICAL EQUILIBRIA 


47. In designing a thermal diffusion tower for the separation of the isotopes of 
carbon in methane it is necessary to know how high the heating unit can be raised in 
temperature without decomposing the methane. Approximately what is the highest 
temperature to which methane at atmospheric pressure can be heated without decom- 
posing more than 1.0 per cent? Thermal data can be found in Chapter VII and in 
Problems 10, 11, and 12. 

48. Derive an equation for K, in terms of « and P for the reaction, 2A 2B + C, 
both reactant and products being gaseous. Show that @ varies inversely as the cube 
root of P, when P/K, is large. 

49. For the reaction 2NaHCO3 = NagCOs (s) + COs (g) + H20 (g), Kp = 0.23 at 
100°. On a day when the barometric pressure was 740 mm, the room temperature 
27°, and the relative humidity 0.70, 20 g of solid sodium bicarbonate was placed in a 
5-liter flask and sealed with the air from the room. It was then brought up to 100°. 
(a) What was the partial pressure of CO2 at equilibrium in the flask (if the carbon 
dioxide of the air is neglected)? The vapor pressure of water at 27° is 26.8 mm. 
(b) What was the pressure in the flask? 

50. Estimate roughly at what temperature carbon monoxide will reduce mag- 
nesium oxide according to the reaction: 


CO + MgO = Mg + COz 


Magnesium boils at 1107°. According to thermodynamics, magnesium reacts chem- 
ically at temperatures of a few hundred degrees with oxygen, water, nitrogen, and 
carbon dioxide. Moreover, it reacts with carbon monoxide. Suggest possible ways 
in which metallic magnesium may be obtained from magnesia (MgO) and carbon. 
Suggest what difficulties may be encountered in the process. 

51. A certain optically active organic compound slowly racemized in solution, and 
eventually the solution showed no optical rotation, the d and / forms being in equal 
concentrations. When the temperature of the solution was varied over wide limits 
there was no return of optical activity. What facts can be deduced about AF® and 
AH? for the racemization reaction? 

52. Compare the equilibrium constant in gas phase and in solution for the reaction, 


CH3sCOOH + C,.H;0H = CH3;3COOC2H; + HO 


stating what differences, if any, exist.* 
53. For the reaction Fe2O3 (s) + 8CO (g) = 2Fe (s) + 3CO> (g) the following val- 
ues of K, are known: 
A®: 100 250 1000 
IS 1100 100 0.0721 


At 1120° for the reaction 2CO2 (g) = 2CO (g) + Oe (g), Kp = 1.4 X 107 What 
equilibrium partial pressure of O2 would have to be supplied to a vessel at 1120° con- 
taining 1 mole of solid Fe2O3 in order just to prevent the formation of Fe? 

54. What are the possibilities of producing (a) methanol, (6) ethanol, and (c) hydro- 
cyanic acid by the following reactions: 

(a) CO (g) + 2H (g) = CH30H (9). 

(6) CeHa (g) + H20 (g) = CeH;O0H (g). 

(c) Ne (g) + C2He (g) = 2HCN (g). 

Details of the thermodynamic calculations are given by Ewell in Ind. Eng. Chem. 
32, 147 (1940). 


* Hssex, J. Am. Chem. Soc., 54, 1290 (1932). 
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55. At 377°, RlnK = —16.44 for the reaction: 
CH, + 2H2O0 = CO2 + 4H» 


At 25° for this reaction AH® = 39,482. Construct the equation showing the varia- 
tion of AF°® with temperature using specific heat data, and calculate the equilibrium 
constant at 500°. 

56. If the heat capacities of the reactants and the products are the same in a 
given reaction, AH is independent of temperature, and log K plotted against 1/T 
gives a straight line. When they are different, the heat of reaction changes with the 
temperature, and the log K vs 1/T line is curved. Extrapolation of a straight line 
is much more accurate than extrapolation of a curved line. Develop some function 
of K which will give a straight line when plotted, so that K, can be determined by 
the extrapolation of a straight line, beyond the range of the measurements. 


CHAPTER XIII 
PHASE DIAGRAMS 


Heterogeneous Systems. A homogeneous system is one in which all 
parts of the system have the same physical and chemical properties. A 
sample from any part of the system will be the same as any other sample. 
Only when the samples are of about molecular size, is there any dif- 
ference between them. A mixture of gases, a crystal of sodium chlo- 
ride, a solution of sugar or salt in water are examples of homogeneous 
systems. 

A heterogeneous system is a system in which the composition is not 
the same throughout and in which the physical properties vary in dif- 
ferent parts. Samples may not be the same, depending on the region 
from which they are taken. A vessel containing water and its vapor, a 
mixture of benzene and water, a saturated solution containing an excess 
of the solute, and water with floating ice and vapor and air above it are 
examples of a heterogeneous system. 

A phase is a definite part of a system which is homogeneous throughout 
and physically separated from other phases by distinct boundaries. In 
the examples cited, the mixture of gases is a single phase, the benzene 
and water system consists of two separate phases, and the water, ice, 
and vapor system consists of three separate phases. It does not matter 
whether the ice is in one large piece or in many small pieces; we are con- 
cerned only with the nature of the phases and the:number of different 
phases. 

The conditions under which these different phases can exist is a mat- 
ter of considerable practical importance, and the experimental deter- 
minations of these conditions are conveniently recorded in various kinds 
of diagrams. It is the purpose of this chapter to describe these different 
types of heterogeneous systems and to show how the diagrams may be 
interpreted and used. 

The chief variables which determine the state of equilibrium are tem- 
perature, pressure, and, in systems containing more than one inde- 
pendent chemical substance, the concentration of the different sub- 
stances in the several phases. Time is not a variable, for the considera- 
tions apply to systems which are in equilibrium. It must be clearly 
understood that only relative quantities are involved and not the total 
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quantity of material. The same type of diagram applies whether grams 
or tons of material are involved. 

Solubility. When a solution is in equilibrium at a definite tempera- 
ture with a solid, or gas, or a second liquid, the solution is said to be 
saturated, and the concentration of the second phase in the saturated 
solution is known as the solubility. The saturated solution may be pre- 
pared by agitating the solution with an excess of the finely divided solute 
until there is no change in concentration on further standing. Again, 
the solution may be mixed with an excess of the solute at a given tem- 
perature and then changed to a temperature at which the solubility is 
lower. The excess solute is then 
thrown out, leaving a saturated 
solution. 

Solutions of one liquid in another 
are discussed on page 197, but in 
those cases saturated solutions were 
not involved because the two liq- 
uids were miscible in all propor- 
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peratures water and n-butanol 
(C4HgOH) are miscible in all pro- 
portions, but at lower tempera- 
tures there are two separate liquids in equilibrium, one being a solution 
of water saturated with n-butanol and the other a solution of n-butanol 
saturated with water. The behavior of this system is described in 
Fig. 71. 

In all regions inside the curve ABC there are two liquid layers, 
whereas outside there is but one. Temperature is plotted vertically along 
the y axis and percentage composition of the solution horizontally along 
the x axis. If one starts with a small amount of butanol and adds it in 
increasing quantities to a large volume of water, a concentration even- 
tually will be reached at which the solution separates into two layers. 
This concentration at 0° is represented by the point A. When the tem- 
perature is raised, the solubility of butanol in water decreases slightly 
at first and then increases, as shown by the curve AB. In like manner, 
if one starts with pure butanol and adds increasing amounts of water 
at 0°, separation into two layers occurs at a concentration represented 
by the point C. As the temperature is raised, the solubility of water in 
butanol increases, as shown by the curve CB. When the temperature 
is raised above 126° corresponding to the height of the point B, butanol 
and water become soluble in all proportions. 


Fie. 71. Influence of temperature on the 
solubility of liquids, n-butanol and water. 
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If one starts with a solution at a temperature and composition repre- 
sented by the point d, the addition of increasing amounts of butanol at 
constant temperature is represented by the dotted line defg. When the 
point e is reached, the solution separates into two layers. As more bu- 
tanol is added, the quantity of the butanol layer saturated with water 
increases, but the compositions of the two layers remain constant. At 
f the solution again becomes homogeneous, and the addition of more 
butanol increases the concentration of butanol in the solution, as, for 
example, at g. 

The solubilities of solids in liquids vary greatly with the nature of the 
crystal, with the solvent, and with the temperature. A saturated solu- 
tion is in equilibrium with a definite crystalline solid, and, although the 
concentration of the saturated solution may change gradually with tem- 
perature, there is no corresponding change in the composition of the 
solid, except in a few cases where there is a change in crystal structure 
or in the number of moles of water of hydration. 

The solubilities of a few typical crystals in water at different tem- 
peratures are given in Fig. 72. They are expressed in grams of solute 
per 100 g of solution, that is, in per cent by weight. 

The dissolving of a solid in a liquid involves several factors. In ideal 
solutions the molecules break away from the crystal and fill the volume 
of the solvent until the solution is saturated, in the same way that mole- 
cules from a crystal fill an evacuated space. Ideal solutions are rare; 
usually the molecules interact with the solvent, and the mere fact that 
the concentration in solution is usually much greater than the con- 
centration in a previously evacuated space indicates that the solvent is 
exerting a special influence on the solute. 

The influence of temperature on the solubility depends on the dif- 
ferential heat of solution in the nearly saturated solution, as predicted by 
the laws of thermodynamics. Most salts absorb heat when dissolved, 
and, accordingly, they are more soluble at the higher temperatures, as 
is the case, for example, with barium hydroxide Ba(OH).-8H,O. A few 
salts are known in which the heat of solution is exothermic, and, in 
agreement with the thermodynamic formulas, the solubility then de- 
creases as the temperature rises. When a salt exists in different hydrated 
forms, as is the case for sodium chromate NagCrOx, the heat of solution 
will be different, and the temperature effect will be different. Thus, 
NagCrO4:1OH20 has a steeper slope than NagCrO4-4H,O which, in 
turn, has a steeper slope than NagCrO4. The higher hydrates evolve 
less heat when dissolved, because heat has previously been evolved when 
the lower hydrates were formed. 
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If the heat evolved by hydration of the dissolved solute nearly offsets 
the heat absorbed by pulling the solid crystal apart, the over-all heat of 
solution is nearly zero. Sodium chloride is an example of a solute which 
does not evolve nor absorb much heat when it dissolves in water. Ther- 
modynamical considerations previously discussed predict that the solu- 
bility of such a solute is not changed by a change in temperature. Fig- 
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Fic. 72. Influence of temperature on the solubility of solids. 


ure 72 shows that the solubility of sodium chloride does, indeed, remain 
nearly constant. 

Just as an increase in temperature increases the solubility of a salt 
which absorbs heat, so an increase in pressure increases the solubility of 
a salt which dissolves with a shrinkage in volume. The influence of 
pressure on solubility of a solid or liquid is quite small. It is stated by 
van’t Hoff that the solubility of ammonium chloride, which gives an in- 
creased volume on solution, decreases by | per cent for 160 atm, whereas 
the solubility of copper sulfate, which gives a decreased volume on 
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solution, increases by 3.2 per cent for 60 atm. These data are in agree- 
ment with the theorem of Le Chatelier and the second law of thermo- 
dynamics. Extensive work on the compressibilities of solutions has been 
done by Gibson.* 

It is well recognized that the rate of solution of solute in a solvent is 
greatly accelerated by pulverizing the material so as to expose a larger 
area to the solvent. Quite apart from this effect, the actual equilib- 
rium solubility of very small crystals is greater than that of large crys- 
tals.| This increase in solubility with decreasing size is not a significant 
factor unless the crystals are extremely small. 

Supersaturated solutions are solutions which contain more than the 
equilibrium-saturation concentration of dissolved solute. Particularly 
in the case of highly soluble solutes, they can sometimes be prepared by 
cooling the saturated solution carefully without agitation and with 
special precautions to eliminate any trace of solid particles of the crys- 
talline solute. The dotted line in Fig. 72 for NagCrO4-4H20O represents 
a supercooled solution of NagCrO4-4H2O. Any point directly beneath 
this dotted line corresponds to a solution which is supersaturated 
with respect to NagCrO4,-10H,O but unsaturated with respect to 
NagCrO,4-4H20. A crystal of the former added to this supersaturated 
solution will grow in size, but a crystal of the latter will dissolve. 

The explanation of supersaturation is probably to be found in the fact 
that the submicroscopic crystals which would normally be the first to 
deposit have a higher solubility, and the crystallization process cannot 
easily get started. When an ordinary crystal of the solute with a normal 
solubility is introduced, however, the extra dissolved material crystal- 
lizes out immediately. The greater solubility of the very small crystals 
may, perhaps, be attributed to the existence of some isolated atoms or 
groups of molecules which can break away from the crystal more easily. 
This view is strengthened by the fact that, if a mixture of large crystals 
and very small ones is allowed to stand, the small ones disappear, and the 
larger ones grow larger—a procedure which is followed in the digesting of 
precipitates in quantitative analysis to render them better suited for 
filtration. 

Extremely small particles of crystals occurring, for example, as dust 
in a room, are sometimes sufficient to prevent supersaturation. Super- 
saturation can sometimes be relieved also by vibrations due to friction 
on glass or metal surfaces immersed in the solution. 

Temperature—Pressure Phase Diagram for Water. In the preceding 
section the influence of temperature on solubility in a two-phase system 


* Gibson, J. Am. Chem. Soc., 57, 284 (1935). 
+ May and Kolthoff, J. Phys. and Colloid Chem., 52, 836 (1948). 
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has been described. We now turn to phase diagrams in which the in- 
fluence of pressure as well as of temperature is considered and start with 
the interpretation of the simple and important phase diagram for water. 
Other phase diagrams follow throughout this chapter, increasing in 
complexity. The conditions of temperature and pressure under which 
ice, liquid water, and vapor can exist in a state of equilibrium have been 
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Pressure (not to scale) 
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Temperature (not to scale) 


Fia. 73. Schematic pressure-temperature diagram of water showing three phases. 


determined by experiment and are given in Fig. 73 (which is not drawn 
to scale on account of the large range of pressures). 

Three general areas are labeled in which ice, water, or vapor can exist 
alone. For example, vapor may exist anywhere in the area labeled 
“vapor,”’ and it is necessary to specify both the pressure and the tem- 
perature in order to define the system completely. The mere statement 
that water vapor is present at a specified pressure does not describe the 
system, because the temperature variable is not defined. 

Where two of these areas touch, there is a line, and along each line the 
two phases exist in equilibrium. 

The vapor-pressure curve of water is represented by the line OA. 
Above this line liquid water exists alone; and below it water vapor exists 
alone. Only on the line OA where both regions touch is it possible to 
have water and its vapor in equilibrium. Thus, if the pressure is 
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reduced to a point below the line OA, all the water will be vaporized; 
if, on the other hand, the pressure is raised above the line OA, all the va- 
por will ultimately condense to the liquid state. 

If it is stated that the system contains both liquid water and water 
vapor at 25°, it is not necessary to specify the pressure, because it has 
been found by experiment that water and its vapor can exist together 
at 25° only under a pressure of 23.7 mm. The pressure at any temper- 
ature may be read from the vapor-pressure curve. Likewise, if the 
pressure is stated, the temperature may be determined from the graph. 
A single variable, either temperature or pressure, is sufficient to describe 
completely the system along a line. 

The line BO is the sublimation curve of ice. Above it lies ice, and 
below it lies vapor. Only along BO can ice and vapor exist together in 
equilibrium. 

The line OC shows how the melting point changes with pressure. At 
all points on the line the pressure is greater than the vapor pressure, as 
given by the line BOA; so it may be concluded that no vapor is present. 
This line is inclined toward the vertical axis and the melting point of ice 
is lowered by increasing the pressure—a fact which can be predicted 
from the principle of Le Chatelier, since the liquid water occupies a 
smaller volume than the solid ice. Along OC there are two phases, ice 
and liquid water, and, again, it is necessary to specify-only one variable, 
either temperature or pressure, to describe the system completely. 

Where the three lines, representing pairs of phases, intersect, the three 
areas touch, and all three phases exist together in equilibrium. Only 
one such point is possible with three phases, and it is called a triple point. 
It is not necessary to specify either temperature or pressure under these 
conditions, for there is only one possible temperature and one possible 
pressure which will permit all three phases to exist together in equilib- 
rium. If the temperature is raised at constant pressure, the ice will 
melt, and the liquid will vaporize leaving only vapor; if the temperature 
is lowered, there will be only ice; if the pressure on the vapor is raised at 
constant temperature, the vapor will condense; and, finally, if the pres- 
sure is lowered, the liquid and ice will evaporate. 

Ice and water, saturated with air, are in equilibrium with their vapor 
in air under atmospheric pressure at a temperature of 0°. The definition 
of the centigrade scale depends on this fact. The situation is somewhat 
complicated, because the pressure of water vapor is only 4.57 mm 
whereas the total pressure on the ice and water is 1 atm. 

If ice and water, from which dissolved air has been removed, are al- 
lowed to evaporate into a previously evacuated space, the pressure on 
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the ice and water will be 4.57 mm instead of 1 atm, and the melting point 
will be slightly higher. The exact temperature of this triple point is 
0.0099°. This difference from 0°C of 0.0099° is due to two factors. The 
solubility of air at atmospheric pressure is sufficient to lower the freezing 
point by 0.0024°, and the increase of pressure from 4.57 mm to 1 atm 
lowers the freezing point 0.0075°. This lowering of 0.0075° due to the 
pressure change checks with that calculated by the Clapeyron equation. 
The two effects together bring the freezing point from 0.0099° down to 
Oss 

The dotted curve OD, which is a continuation of OA, represents the 
vapor pressure of supercooled water. It may be noticed that there is no 
break in the vapor—pressure curve, so long as the solid phase does not 
separate, and that the vapor pressure of supercooled water, which is an 
unstable phase, is greater than that of the stable phase, ice, at the same 
temperature. Unstable phases always have higher vapor pressures. 

The lower limit of the sublimation curve OB is theoretically deter- 
mined by the absolute zero; the vaporization curve OA terminates at A 
which is the. critical temperature 374°, corresponding to a pressure of 
218 atm. Above this critical temperature at A the vapor and liquid 
phases become indistinguishable. 

Investigations conducted by Bridgman with a view to determining 
the course of the fusion curve OC have revealed the existence of seven 
different crystalline modifications of ice, all of which, with the exception 
of ordinary ice, are denser than water. The first of these new forms of 
ice makes its appearance at a pressure of 2115 kg per square centimeter, 
and the last at a pressure of 22,400. 

Temperature-—Pressure Phase Diagram for Sulfur. The energy 
which binds the units together in a crystal lattice of a pure material has 
such a definite value that, when the temperature is raised gradually, a 
temperature is reached at which the crystal suddenly melts. At this 
melting point, the kinetic energy just exceeds the binding energy of the 
crystal. Sometimes a given element or compound can exist in two or 
more different crystal lattices, each of which has a different binding en- 
ergy. As the temperature of such a crystal is raised, and the kinetic 
energy increased, the lattice which was stable at the lower temperature 
becomes unstable, and the crystal lattice rearranges into a form with a 
higher energy of binding. The transition temperature is the temperature 
at which one crystal lattice changes into another. It is a definite tem- 
perature, but the time required for the formation of a new lattice with 
its definite arrangement is much longer than the time required for the 
formation of a liquid. Accordingly, the direct determination of transi- 
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tion temperatures by heating or cooling is difficult and requires extended 
measurements over a long period of time. The transition temperature 
can be determined by direct observation of changes in the crystal prop- 
erties, by the heat evolved in the transition, by a change in volume, or 
solubility, or, best, by X-ray analysis. 

A diagram of sulfur, which exhibits a transition temperature, is shown 
in Fig. 74. The vertical axis is not drawn to scale because the pressures 
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Fic. 74. Pressure-temperature diagram of sulfur which has a transition between 
two different crystal lattices. 


cover too wide a range. It is similar to the diagram for water, each area 
representing a single phase, and each line an equilibrium between two 
phases. Whereas there were three possible phases in water, there are 
four in sulfur, because there are two solid phases, rhombic sulfur stable 
below 95.6° and monoclinic sulfur stable above 95.6°. There are more 
opportunities then for a group of three different phases, and we see 
four triple pots in the sulfur diagram but only ‘one in the water 
diagram. 
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The following phases are found at the several areas, lines, and points: 


Areas 
Above FDP Rhombic 
DBP Monoclinic 
ABP Liquid 
Below FDBA Vapor 
Lines 
FD Rhombic, vapor 
DB Monoclinic, vapor 
DC Superheated rhombic, vapor 
BA Liquid, vapor 
CB Supercooled liquid, vapor 
BP Monoclinic, liquid 
CP Superheated rhombic, liquid 
DE Rhombic, monoclinic 
ED Supercooled monoclinic, vapor 
Points 
D at 95.6° Rhombic, monoclinic, vapor 
B at 119° Monoclinic, liquid, vapor 
Cratlaige Supercooled liquid, superheated rhombic, vapor 
P at 154° Rhombic, monoclinic, liquid 


The line BP shows that the melting point of monoclinic sulfur is raised 
by the application of pressure, and the liquid phase must, accordingly, 
have a larger volume than the solid. This is contrary to the case of the 
water diagram. It is known that solid sulfur sinks in liquid sulfur, 
whereas ice floats on water. The behavior of sulfur is typical of most 
solids. 

It is clear that an increase in the number of phases increases the infor- 
mation and decreases the number of possible variables which remain un- 
defined. The phase rule, which will be presented a little later, gives a 
quantitative relation between the number of phases and the number of 
variables. 

Concentration, Temperature, and Pressure. When two or more 
chemical individuals are involved, the concentration of these materials 
as well as temperature and pressure are variables which must be speci- 
fied in order to define the system completely. If there are but two sub- 
stances as a salt and water, concentration may be plotted along one axis 
and temperature and pressure along two other axes, giving a space model 
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in three dimensions. Such a model is shown in Fig. 75a for the system 
copper sulfate and water. Temperature is plotted horizontally along the 
X axis, the concentration of water is plotted vertically along the Z axis, 


CuSO, 
Pressure (b) ——> Pressure (mm) 2 100 
( (Temperature constant at 50 ) 


100 


CuSO,+5H,0 


— Concentration H,O (% by weight) 
Pressure (mm) 


o Qo 
= Temperature 50 o_, Temperature 50 
(Pressure constant at 30 mm) (Concentration constant as labeled) 
(c) (d) 


Fic. 75. Space model showing concentration, temperature, and pressure for the 
system copper sulfate and water. 


and pressure is plotted along the Y axis at right angles to the other two. 
The concentrations of water corresponding to the various crystalline 
salt hydrates and the saturated solution are given on the concentration 
axis. Sections may be cut by planes at right angles to the three axes 
giving, respectively, a C-P diagram at constant temperature, a C-T 
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diagram at constant pressure, and a P-T' diagram at constant concen- 
tration. In the concentration—pressure diagram of Fig. 75b, curves are 
given at a temperature of 50°. The concentration—-temperature relations 
at a constant pressure of 30 mm are shown in Fig. 75c. In the pressure— 
temperature diagram, shown in Fig. 75d, the intersections of the space 
model by horizontal planes are given for concentrations corresponding 
to each of the salt hydrates and the saturated solution. The lines in 
Fig. 75d may be regarded as projections onto the basal plane. Water 
vapor exists in the region in front of the space model. Only condensed 
phases, salt hydrates, and solution exist inside of it. 

The C—P diagram, shown in Fig. 75b, illustrates the behavior of a 
solution of copper sulfate when it is placed, with an excess of dehydrating 
agent, in a desiccator at 50° provided with a manometer and allowed to 
lose water gradually until only the anhydrous salt remains. 

As water is removed from the solution the concentration of copper 
sulfate increases, and the vapor pressure of the solution decreases along 
the line LM. When the solution becomes saturated, the pressure re- 
mains constant, as shown by the vertical line at M, while the water is 
removed from the saturated solution. The composition of the whole 
system changes as water is removed. 

The relative amounts of saturated solution and CuSO4-5H2O change, 
but the composition of the two phases does not change; hence, the vapor 
pressure remains constant. Finally, when all the solution has disap- 
peared, the pressure drops abruptly to 47 mm at N. The pressure over 
completely hydrated copper sulfate remains constant at 47 mm, until 
the salt has been deprived of 2 moles of water, when it drops abruptly 
to 30 mm at 0 and remains constant until 2 more moles of water have 
been lost at P. It then drops to 4.5 mm, and remains constant until 
dehydration is complete. In practice, the lines are less steep because of 
slow diffusing of the water vapor. 

The constant pressures correspond to systems in which there are two 
phases in addition to the vapor phase—all in equilibrium with each other. 
Unsaturated solutions of varying concentrations at the right of M in Fig. 
75b have only two phases, one liquid and one vapor. Accordingly, they 
can have different vapor pressures at the specified temperature (50°). 
However, as soon as the solid phase CuSO4-5H20 crystallizes out, the 
composition of the two phases becomes fixed, and the vapor pressure 
remains constant. After all the water has been removed from the solu- 
tions, the CuSO,-5H20 starts to lose water and immediately forms 
CuSO4:3H,0. These two hydrated salts then set up a new equilibrium 
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and a new fixed vapor pressure. The several equilibria are as follows 
Saturated solution < CuSO4-5H2,0 + H2,0 
CuSO,4-5H2,0 @ CuSO,4-3H20 + 2H2,0 
CuS04:3H2,0 @ CuSO,-H20 + 2H20 
CuSO,-H2,0 <= CuSO, + H20 


Since the pressures of the solids CuSO4:5H2:O and CuSO4-3H20 are 
constant, an equilibrium constant can be written, thus, 


Ky a PHO 


and similar equilibrium constants can be written for the other reactions. 
The vapor pressure is constant only when an equilibrium exists, and an 
equilibrium can exist only when two hydrated salts and water vapor are 
present together. 

Mixtures of two different crystalline salt hydrates are useful in estab- 
lishing definite partial pressures of water. There are many different 
hydrated salts to choose from, so that it is possible to obtain nearly any 
desired pressure. Sometimes the partial pressures of the anhydrous salt 
and the lowest hydrate are so low that they are used for dehydrating 
agents. Zine chloride or calcium chloride js suitable. At 25° the mix- 
ture of CuSO4-H2O and CuSO, has a partial pressure of 0.8 mm of 
water, and, accordingly, anhydrous copper sulfate will not take up any 
water at this temperature if the vapor pressure is less than 0.8 mm. 

Of the three possible relations, C-P, C—T’,, and P-T, the temperature— 
concentration diagrams are most frequently used. 

These diagrams can be studied best with the help of the phase rule now 
to be discussed. 

The Phase Rule. In 1876 Professor J. Willard Gibbs* of Yale 
University discovered a generalization known as the phase rule + which 
has been of great help in studying equilibria in heterogeneous systems. 
The phase rule, together with his many important generalizations in 
thermodynamics, has given Gibbs a position as one of the geniuses of 
science. Phase diagrams and the phase rule have been of great value in 
solving practical problems such as the preparation of alloys or salts from 
complicated mixtures and the adjustment of temperature, pressure, and 
composition to obtain a desired product. The extraction of potassium 
chloride from the Stassfurt salt deposits was one of the early examples. 

* Gibbs, Trans. Conn. Acad. Sci., 1876-78. 


} A brief derivation may be found in Findlay and Campbell “‘The Phase Rule and 
Its Applications,”’ Longmans, Green & Co., New York, 1988. 
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It should be pointed out that the phase rule applies only to systems 
which are in a state of equilibrium, that it does not predict new things, 
but that it is very valuable in correlating data. It may be used to state 
what type of relations may be expected, but the exact shape of the curves 
relating different variables must be determined by experiment. 

In general, the phase rule is concerned with the number of variables 
which are involved in any system and with the number of relations be- 
tween these variables. The ordinary variables are temperature and 
pressure and the concentration of materials in each of the phases. The 
fundamental statement of the phase rule is 


[i ¢ Neb, (1) 


where F' is the number of degrees of freedom, C is the number of the 
components, and P is the number of phases. These terms need further 
definition. 

A phase has been defined before as a homogeneous region of uniform 
physical and chemical composition. In a system containing ice, liquid 
water, and water vapor in equilibrium there are three phases. It makes 
no difference how many pieces of ice are floating on the water; there is 
just one ice phase. 

The number of components C is the minimum number of chemical 
constituents which must be specified in order to describe the composition 
of each phase present. In the system CaCO3 (s) = CaO (s) + COzg (g) 
there are three chemical individuals, but the number of components is 
only two because the three constituents are connected by an equilibrium. 
The simplest choice of components is CaO and COzg, but CaCO3 and COs, 
or CaCO3 and CaO, could be chosen; in the latter case the composition 
of the COz phase could be obtained by taking the difference between the 
CaCO3 and the CaO. In the system ice, water, and vapor, previously 
referred to, there is one component, H,O. At very high temperatures 
there would be some oxygen and some hydrogen in equilibrium, but at 
ordinary temperatures this dissociation is neglected. 

The number of degrees of freedom F' is the number of independent 
variables, temperature, pressure, and concentration in the different 
phases, which must be specified in order to define the system completely. 
A mere change in the relative amounts of the phases present is not con- 
sidered as a variable. Another definition of F is the number of variables 
which may be changed independently without causing the appearance or 
disappearance of a phase. 

The greater the number of chemical substances present, the greater 
is the number of variables. On the other hand, the greater the number 
of phases, the fewer is the number of variables. The presence of several 
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phases gives added information about the system and reduces the num- 
ber of independent variables which must be defined, that is, the number 
of degrees of freedom. The phase rule simply gives the quantitative 
relation between the variables F = C — P + 2. The number 2 is valid 
only if there are two variables, commonly temperature and pressure, 
in addition to concentration. If there is a third variable such, for ex- 
ample, as a magnetic field, the phase rule becomes F = C — P +3. 
Again, if the conditions are so fixed that the pressure is not a variable, 
and there is only one variable in addition to concentration, then, 


NE ae a it | (2) 


Referring now to the one component system water shown in Fig. 73, 
we remember that in the areas two variables, temperature and pres- 
sure, had to be stated in order to define the system completely. Here 
F = 2, because C = landP =landF =C—P+4+2=1-1+4+2= 
2. Along any of the lines, if one variable is specified, it was shown that 
the condition of the system is completely defined. There are two phases 
along a line. Then F = C—-P+2=1—2+2=1. At the point 
O there are three phases, and so F =C—P+2=1-—-3+2=0. 
It was shown that at this point the conditions are completely fixed. Nei- 
ther temperature nor pressure can be altered without losing one of the 
the three phases; that is, there are no degrees of freedom. 

Two-Component Systems. In two-component systems Table I sum - 
marizes the phase-rule relations. 


TABLE I 


PHAsE Rute RELATIONS FOR A Two-CoMPONENT SysTEM 


Number ‘ Number aa: 
of Si of eae of apene ana: 
ariables : reedom ay Be Deduce 
Phases Variables ewe Seely: 
LY Vy Tea 3 3 All the variables are 
independent. 
2 B, Taxa 4 2 Two independent vari- 
ables. 
3 ED CAO. ar 5 i Only one variable may be 
x aot chosen independently. 
4 PR a 6 0 All variables are fixed. 
Xq xv 
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The subscripts refer to the component and the superscripts to the 
phase. Thus X4" signifies the concentration of A in the phase II. In- 
asmuch as the maximum number of independent variables is three, the 
system may be represented by a space model as in Fig. 75 for the system 
CuSO, and H,0. 

Since three-dimensional models of this type are difficult to construct 
and use, the two-dimensional graphs representing sections of the space 
model are usually employed. The significance of these sections was il- 


Fia. 76. Typical concentration—temperature phase diagrams. 


lustrated in Fig. 75. Of the three possible planes, P-C, P-T, and T-C, 
the temperature—composition (7-C) diagrams are much the most com- 
mon. Several important types of two component systems are illus- 
trated in Fig. 76 in which temperature is plotted vertically and com- 
position horizontally; A represents 100 per cent of one component, and 
B represents 100 per cent of the other. The composition is given in per 
cent by weight, or, more significantly, in mole per cent or mole fractions. 
The space above the uppermost lines represents liquid solution, and along 
these lines a new solid phase or phases separate. The fixed pressure is 
taken high enough to condense all the vapor so that the diagrams refer 
to condensed systems containing only solid and liquid phases. Then, 
by the phase rule, 
F=C-—-P-+1 
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In Fig. 76a the freezing point of pure A is shown at M. Along the 
line MO pure solid A is separating out from the solution. The point NV 
represents the freezing point of pure B, and along the line NO pure solid 
Bisseparating. At O both pure solid A and pure solid B appear together. 
This is known as the eutectic temperature. 

The phase rule is powerless to predict the curves MO and NO or the 
position of O. They must be determined by experiment. The phase 
rule, however, shows that, in the area above MON, temperature and 
composition may be varied without the number of phases being changed, 
because F = C—- P+1* =2—1+1=2. Along MO or NO, fixing 
either the temperature or the composition of the solution defines the 
system. Then, Ff = 2—2+1=1. 

At the point O, F = 2 —3-+ 1 =0 and, if any change is made in 
concentration or temperature, one of the two solid phases or the liquid 
phase will disappear. In the area AGHB, there are the two solid phases 
A and B. In the area GOM, there are two phases, solid A and liquid 
solution, whereas, in HON, there is solid B and liquid solution. 

Figures 76) and c help to explain Fig. 76d. Figure 76b is just like Fig. 
76a except that a compound of A and B, namely, AB, takes the place of 
B. The freezing point of AB is lowered by adding A to the solution. 
The pure solid AB separates when the solution is cooled. Figure 76c 
is similar to Fig. 76a, except that AB takes the place of A and its freezing 
point is lowered by additions of B. When these two parts, 6 and c, are 
pushed together, we have Fig. 76d which is typical of two-component 
systems in which a compound is formed. In general, a maximum in a 
temperature—composition curve, in which solids separate from the liquid 
phase on cooling, indicates the formation of a chemical compound, and 
the composition at which this maximum occurs is the composition of the 
solid compound. It corresponds to a stoichiometric ratio such as AB, 
ABz, AB3, A2B;, etc. In studying a system of this kind, it is best to 
draw vertical lines down from the maximum as shown and consider the 
diagram as two separate diagrams as in Figs. 76b and c. If the compound 
dissociates extensively in solution, the maximum is rather flat on top, 
and, if it dissociates but slightly, the approaches to the maximum are 
steep. 

Figure 76e illustrates a special case of compound formation in which 
the freezing point of one of the components is so far above that of the 
compound that its freezing-point curve intersects the freezing-point 
curve of the compound on the opposite side of the maximum. The max- 
imum can be attained only under condition of unstable equilibrium. 
Above the break at J, pure B separates on cooling and below it the com- 


* The pressure is fixed. 
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pound AB separates. Such a point I is sometimes called an incongruent 
melting point. 

Figure 76f illustrates the case in which two liquid phases are involved. 
The freezing point of A is lowered by the addition of B, and the freezing 
point of B is lowered by the addition of A, as shown at the extreme ends 
of the diagram. Along the line JK, the liquid phase consists of A sat- 
urated with B, and, along the line KL, the liquid phase consists of B 
saturated with A; these two saturated phases do not mix with each 
other. The point K does not correspond to any particular compound 
or ratio. At temperatures above K, only one liquid phase is possible, 
no matter what the composition. In the area JKL, two liquid phases 
exist. 

The remaining Figs. 76 g-j apply to two component systems in which 
the two solids are soluble in each other. They are discussed in a later 
section. The solid separating on cooling is not a pure substance but a 
solution of one substance in the other, the exact composition of the 
separating phase depending on that in the liquid phase. In Figs. 76g, 
h, and 7 there is complete solubility of the solid phases, but in Fig. 767 
the solubility is limited so that two different solid solutions giving two 
separate phases can exist side by side. 

Cooling Curves. Cooling curves may be used in the method of 
thermal analysis to construct phase diagrams. It is convenient, par- 
ticularly for alloys where the chemical analysis of the separating phases 
is difficult on account of the contaminating liquid. A mixture of known 
composition is weighed out and heated until all is liquefied. Then it is 
allowed to cool, and the temperature is recorded at frequent intervals 
as read on a thermometer or thermocouple. A smooth cooling curve 
is plotted from the data, but, whenever a solid phase separates, heat 
equivalent to the beat of fusion is evolved and offsets fully or in part 
the heat lost from the melted material and container. The rate of cool- 
ing, that is, the slope of the line, becomes less, and the temperature at 
which an inflection point or plateau occurs can be used in plotting the 
phase diagram. 

This method is illustrated in Fig. 77 for the bismuth-cadmium system. 
The cooling curve for pure bismuth indicated by 0 per cent cadmium is 
shown at the extreme left. The liquid cools off along AB, but, when B 
is reached, solid bismuth appears, and the temperature remains sta- 
tionary at 273° until all the liquid has solidified. The cooling curve of 
the solid bismuth is shown along the line BC. A similar curve for the 
freezing point of pure cadmium is indicated by the line marked 100 per 
cent cadmium, which indicates a freezing point at 323°. The line 
marked 40 per cent shows a single plateau D which corresponds to the 
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eutectic point at 140°, where both solid bismuth and solid cadmium are 
coming out together and evolving heat. Other compositions show two 
changes in curvature, a sharp plateau at the eutectic point, and a more 
gradual nick in the curve at a higher temperature. In the mixture con- 
taining 20 per cent cadmium, pure bismuth starts to solidify from the 
solution at EH. As it does so, the remaining solution becomes more con- 
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Fic. 77. Cooling curves from which temperature-concentration phase diagram is 
constructed for the system bismuth and cadmium. 


centrated in cadmium, and the freezing point is lowered gradually as 
the composition changes. Finally, at F solid cadmium as well as solid 
bismuth separates out, and the whole system goes solid. The system 
consists of 80 per cent solid bismuth and 20 per cent solid cadmium, just 
as the original liquid system consisted of 80 per cent and 20 per cent of 
the liquids. 

These freezing points and the eutectic point are then transferred, as 
shown by dotted horizontal lines, to the diagram at the right in which 
the temperatures are plotted against the compositions of the correspond- 
ing mixtures. 

The System Bismuth-Cadmium. In the phase diagram shown at 
the right of Fig. 77, temperature and composition are the only variables; 
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the pressure is assumed to be fixed and at a value high enough so that 
ali the vapor is condensed, giving only solid and liquid phases. Then 
F=C—P+1=2-—P-+1. The number of components, phases, 
and degrees of freedom are marked at significant areas, lines, and points. 

Below the eutectic point the two solids, bismuth and cadmium, are 
present. In this region there are two components and two phases, pure 
bismuth \and pure cadmium, so that F = 2—2+1=1. The com- 
position of each phase is known, and the only variable is the temper- 
ature which gives the one degree of freedom to the system. As explained 
before, the pressure is fixed, and the vapor phase is considered negligible. 
In any mixture, cooled below the eutectic temperature, the solid which 
separates will have crystals of both bismuth and cadmium. When the 
eutectic mixture solidifies, the solid may appear to be different because 
it is fine-grained, but it is not to be regarded as a new phase. It is still 
a physical mixture of two phases, solid bismuth and solid cadmium. The 
different solidified mixtures would have an appearance under the mi- 
croscope somewhat similar to that indicated in the circles. 

In the region labeled Bi + liquid there are two separate phases, solid 
bismuth, and liquid solution. There is one degree of freedom (F = 2 — 
2+ 1 = 1) and the system is completely defined as soon as the tem- 
perature or the composition of the liquid phase is specified. As one 
passes along a horizontal line (that is, isothermal), GIH, the ratio of solu- 
tion of composition H to pure solid bismuth, gradually increases. At the 
point J, for example, the ratio of bismuth to liquid of composition H is 
equal to IH/IG. The composition of the liquid does not change, how- 
ever, and, along the line GIH, F = 0 because the temperature as well as 
the pressure is fixed. The composition of the total system will change 
as the relative amounts of G and H change, but the amounts of material 
in the total system does not constitute a phase-rule variable. It is the 
concentration of material in a given phase that is significant. 

Systems Exhibiting Chemical Interaction. As pointed out in connec- 
tion with Fig. 76d, the presence of a maximum in a freezing-point—com- 
position curve indicates the existence of a chemical compound between 
the two components. In the temperature—concentration diagram given 
in Fig. 78, a maximum is shown in the liquid—solid curve, and so it may 
be concluded that the zinc and magnesium interact to give a chemical 
compound. The compound has the formula MgZno, and it melts at 
575°. There is one eutectic point at 368° with Zn and MgZng separating 
out together and another at 347° with Mg and MgZnpg freezing simul- 
taneously. The diagram is split into two by passing a vertical line 
through the maximum, and the same conditions apply that applied to 
Fig. 77 and Fig. 76d. The pressure is fixed, and only solid and liquid 
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phases are represented. It is assumed that the pressure is high enough 
to condense all the vapor. 
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Fic. 78. Temperature—concentration phase diagram showing maximum for the 
system zinc—magnesium. 


Example 1. State what phases are present at A, B, C, D, E, and F, and give 


the number of degrees of freedom. There are two components and the pressure 
is fixed. 


Phases Degrees of Freedom 

C-—-P+1=F 
A Liquid 2-—-1+1=2 
B Liquid, solid Mg 2-—-2+1=1 
C Liquid, solid MgZne 2-—2+1=1 
D Liquid, solid MgZne 2-—-2+1=1 
E  MgdZnpg, liquid, Mg 2—3+1=0 
F  MgZno, Mg 2-—-2+1=1 


In the region D, it is sufficient to fix either temperature or concentration of the 
liquid phase. The ratio of MgZny to liquid is not a variable, because the con- 
centration in the phases is all that counts in the phase rule, and this is fixed when 
either temperature or composition of a phase is fixed. 

Example 2. Seventy grams of zinc and 30 g of magnesium are heated to 
600° giving the point A in Fig. 78. Describe what happens when this total 
mixture is cooled down to 0°, as indicated by the vertical dotted line. (The 
experiment would have to be done in an inert atmosphere to prevent oxidation 
by air.) At 520° solid MgZnz separates out, as indicated by the top arrow; the 
remaining solution becomes richer in the solute magnesium; the temperature 
falls still lower; and more solid MgZng is thrown out of solution. The freezing 
point is gradually lowered as the solution becomes richer in Mg. At 400° a 
considerable amount of MgZnz has come out of solution, leaving a solution of 
42 per cent magnesium and 58 per cent zinc, as indicated by the arrows. Fi- 
nally, at 347°, when the liquid has become 49 per cent magnesium and 51 per 
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cent zinc, the whole solution freezes, solid MgZnz and solid Mg coming out 
together. 

From this temperature down to 0° there is no further change in composition 
or phases. At all temperatures below 347° there are pure solids Mg and MgZnp. 
The ratio of the amounts of the two is MgZno/Mg = (100 — 30)/(80 — 15.7) = 
4.89. 


Phase diagrams are useful in the study of aqueous solutions as well as 
metallic solutions. Many of these solutions form definite hydrates and 
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Fic. 79. Temperature-composition phase diagram for the system sulfuric acid— 
water. 


exhibit maxima similar to those shown in Fig. 76d and in Fig. 78 for 
Zn—Mg. An example is shown in Fig. 79 for solutions of sulfuric acid in 
water. 

When sulfuric acid is added to water, the freezing point is lowered, as 
shown by the line along which there is an equilibrium between solid ice 
and the liquid solution of sulfuric acid in water. This lowering con- 
tinues until at about 10 mole per cent of sulfuric acid the freezing tem- 
perature is about 70°. Further addition of sulfuric acid to the solu- 
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tion now leads to the precipitation of a new solid phase H2SO4-4H20. 
At the first eutectic there are two solid phases, ice and H,SO4-4H20, 
and one liquid phase (10 mole per cent sulfuric acid), so that 
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This point is a eutectic point, but in aqueous solutions a eutectic point is 
called a eryohydric point, and the eutectic mixture is called a cryohy- 
drate. When first discovered, these cryohydrate mixtures were thought 
to be chemical compounds, but the lack of homogeneity can be detected 
under the microscope. Furthermore, the constituents are seldom present 
in simple whole-number ratios which correspond to chemical compounds. 

When there are exactly 4 moles of water to 1 of sulfuric acid, the 
solution freezes sharply at the freezing point of this pure compound. 
Addition of more sulfuric acid to the solution lowers the freezing point 
along the line leading to a second eutectic point. 

In a similar manner, it is found that there are three compounds of 
sulfuric acid and water and four cryohydrates or eutectic mixtures. 

The chemical compound H2SO4-H2:O melts at 8.0° above the freez- 
ing point of water. It is interesting to consider what happens when 
water is removed (by evaporation) from dilute sulfuric acid, isothermally 
at 0°. The remaining solution becomes more concentrated in sulfuric 
acid through loss of water, and the concentration moves along a hor- 
izontal line to the right until the solubility curve is intersected and crys- 
tals are formed. The solution gradually solidifies, but on further re- 
moval of water another solubility curve is intersected, and the crystals 
disappear. This alternate crystallization and melting by removal 
of water vapor would have been difficult to understand without the 
phase diagram. Diagrams of this type are of great practical importance 
for obtaining specified products or properties through the control of con- 
centration and temperature. 

Solid Solutions. In aqueous solutions and in most common solutions 
in the laboratory the solvent freezes out as a pure solid. However, there 
are many solutions in which the solid solvent which freezes out contains 
the solid solute dissolved in it. An example is a solution of iodine dis- 
solved in benzene. When the temperature is lowered to about 5°, the 
crystals of benzene which freeze out are colored with iodine, and the 
amount of iodine dissolved in the solid is proportional to the amount of 
iodine dissolved in the liquid solution. There is a distribution of iodine 
between the liquid and solid phases, just as there is distribution between 
two immiscible solvents. A homogeneous mixture of two or more crys- 
talline solids in varying proportions is known as a solid solution. 
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The attainment of equilibrium in solid solutions is much slower than 
the attainment of equilibrium in liquid solutions. It takes a considerable 
length of time, particularly at low temperatures, for a change in con- 
centration at the surface to affect the concentration at a point in the in- 
terior of the solid solution. Slow diffusion does take place, however. 
For example, when a bar of gold and a bar of lead were placed in contact 
at room temperature for a period of four years, gold was detected at a 
distance of 7 mm. The way is open now to study diffusions of this type 
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Fic. 80. Temperature-concentration phase diagram for solid solutions, platinum— 
gold. 


with the merest trace of material, making use of radioactive tracers 
(page 663). 

The existence of these solid solutions causes difficulty in experimental 
measurements of equilibria, and it introduces complications in phase- 
rule diagrams, as is indicated in Figs. 769-/. 

Solid solutions involve two solutions, one liquid and one solid, in equi- 
librium with each other, as shown, for example, in Fig. 80 for platinum 
and gold. Above the upper line the two metals exist in liquid solutions; 
below the lower line the two metals exist in solid solutions. The upper 
curve is the freezing-point curve, and the lower one is the melting-point 
curve. The space between the two curves represents mixtures of the 
two solutions—one liquid and one solid solution in equilibrium. For 
example, a mixture which originally contained 50 per cent gold and 
50 per cent platinum, when brought to equilibrium at 1400°, will consist 
of two phases, a solid phase containing 70 per cent platinum and a liquid 
phase containing 28 per cent platinum. If the original mixture contained 
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60 per cent platinum, there would still be the same two phases contain- 
ing 28 and 70 per cent platinum, but there would be a relatively greater 
amount of the solid phase containing 70 per cent platinum. 

The diagrams which describe the melting behavior of solid solutions 
are quite like those studied earlier which described the vaporization of 
liquids. For the vaporization curves it was helpful to remember that 
at a given temperature the vapor is richer in the more volatile com- 
ponent or mixture. In these solid solutions, it is convenient to remember 
that the liquid phase is richer in that component or mixture which has 
the lower melting point. In this way one can determine which is the 
liquid curve and which is the solid curve. 

It is possible to separate materials which form an unbroken series of 
solid solutions by fractional crystallization just as it was shown to be 
possible, in Fig. 54 on page 207, to separate two compounds by fractional 
distillation. For example, if it is desired to separate pure gold from an 
alloy containing 70 per cent platinum, the alloy is melted slightly to give 
a liquid richer in gold, which is removed and then frozen completely. 
It is then melted partially to give liquid still richer in gold, and so on 
until pure gold is obtained. 

The fractional crystallization of solid solutions is seriously compli- 
cated by the fact that equilibrium is reached very slowly, and it is often 
impractical to wait long enough to obtain the separations previously 
predicted on the basis of reaching equilibrium at every stage. 

Solid solutions may contain minima in the freezing-point curves 
analogous to the vaporization curves on page 209 which had a minimum 
boiling point. An example is given for cobalt and chromium shown 
in Fig. 81. Again the liquid or mixture with the lowest melting point 
is in excess in the liquid phase. In this case it is the mixture of 46 per 
cent chromium melting at 1320° which has the lowest melting point. 
There are two sets of solid solutions with different properties, the a 
solid solutions with less than 46 per cent chromium and the 8 solid 
solutions with more than 46 per cent chromium. It is theoretically pos- 
sible to separate pure chromium from solutions having more than 46 per 
cent chromium and pure cobalt from solutions having less than 46 per 
cent chromium, but it is not possible to separate pure chromium starting 
with a solution rich in cobalt. 

Partial Miscibility. Sometimes two different liquids or two different 
solid solutions are miscible only within certain temperature ranges and 
immiscible within other temperature ranges. The phase diagrams then 
become somewhat more complicated. 

If we consider the separation of partially miscible liquids by vapori- 
zation, Fig. &2, for water and n-butanol serves as an illustration.* The 


* Stockhardt and Hull, Ind. Eng. Chem., 23, 1438 (1931). 
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Fig. 81. Temperature-concentration phase diagram for solid solution exhibiting a 
minimum, cobalt—chromium. 
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Fic. 82. Temperature—concentration phase diagram for partially miscible liquids 
and vapor. 
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lines AC, AD, BC, and BE give a diagram like that of Fig. 56 on page 
209 for a pair of liquids which exhibit a minimum boiling point, but it is 
cut off by a straight line at about 94°. 

If a solution of composition | is evaporated, the vapor will contain 
more water than the solution, the solution will become richer in -bu- 
tanol, and the temperature will rise until the boiling point of pure bu- 
tanol is reached. If, however, a mixture lying between D and E is evap- 
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Fic. 83. Temperature—concentration phase diagram for partially miscible solid 
solutions, molybdenum—cobalt. 


orated, the boiling point remains constant as long as the two phases are 
present. One is of composition D which is rich in water and the other 
of composition # which is less rich in water. The composition of each 
phase remains unchanged when the mixture of the two solutions is 
evaporated as long as both phases are present, but the relative amounts 
of the phases change. The composition of the vapor is given by C, and 
it remains constant until one of the phases is evaporated away. If 
only the butanol-rich phase remains, the temperature will rise along 
the line HB, and the composition of the vapor at any liquid composition 
can be determined by drawing a horizontal line similar to lv. 

The range of compositions of water and n-butanol in which there are 
two phases below 94° is shown in Fig. 71 on page 305. (It is to be noted 
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that Fig. 71 is plotted in weight per cent and Fig. 82 in mole per cent.) 
At lower temperatures, as, for example, when distilling under reduced 
pressure, the range of immiscibility is wider, and so the line DE of con- 
stant composition and boiling temperature would broaden along the 
dotted lines HG and below D. 

In Fig. 83 is shown the system molybdenum and cobalt which bears a 
resemblance to the partially miscible liquids of Fig. 82 and the solid 
solutions of Fig. 80. Solid solutions are observed, but solid solutions 
with more than 29 per cent molybdenum do not mix with the cobalt— 
molybdenum compound. From this diagram it is possible to predict 
what products will be obtained by fractional crystallization, starting 
with various composition and temperature ranges. 

Figure 83 exhibits another phenomenon in phase diagrams shown in 
Fig. 76e. Under equilibrium conditions the freezing-point curve for 
the Co-Mo compound does not reach the maximum temperature, the . 
melting point of the pure Co- Mo, because it is intersected first by the 
freezing-point curve of pure molybdenum. . 

Uses of Temperature-Concentration Phase Diagrams. Phase di- 
agrams are of great help in understanding the production and behavior 
of alloys, ceramics, and complex mixtures of organic and inorganic 
compounds. The presence of a maximum in the curve shows that a 
chemical compound is produced by the combination of two substances 
and gives the information regarding temperature and concentrations 
which is necessary to produce this compound. If there is a single eutec- 
tic point without maxima, each of the two components separates from 
the liquid mixture in the pure state. The presence of solid solutions is 
indicated when there are two curves, one for melting, one for crystal- 
lization. Many desirable properties of alloys, ceramics, and structural 
materials depend on the components being in the form of solid solutions. 
The hardening and tempering of steel involve the existence of solid 
solutions of carbon in different iron—carbon compounds. ‘The solid 
solution. stable at the high temperatures is hard, and, in order to retain 
this hardness, the proper compositions and temperatures are obtained, 
as indicated by the phase diagrams, and then the steel is quenched 
quickly in oil or water, so that it does not have time to form the solid 
solution which is stable at lower temperatures. By heating up again to 
a somewhat lower temperature, opportunity is given for partial con- 
version to the softer solid solution which is stable at the lower tem- 
perature. In this way the steel may be given different degrees of 
hardening. 

In order to summarize several of the features of phase diagrams, the 
temperature-composition diagram for mixtures of gold and aluminum 
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is shown in Fig. 84.* It illustrates a more complicated alloy in which 
several definite chemical compounds are formed. The different com- 
pounds are indicated on the diagram, and it is evident that some of the 
maxima are obscured by overlapping curves. The pure compounds 
which correspond to the extrapolated maxima must exist only ina , 
metastable state. There are also solid solutions of limited solubility. 
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Fie. 84. Temperature—composition phase diagram for the system gold—aluminum. 


Three-Component Systems. Triangular coordinates are convenient 
for representing the composition of a system of three components where 
all three must add up to 100 per cent, because, within an equilateral 
triangle, the sum of the distances, drawn from a pcint perpendicular to 
the three sides, is equal to the height of the triangle. In Fig. 85 this type 
of diagram is used for the condensed system water, acetic acid, and 
vinyl acetate at 28° and constant pressure.t The point O, for example, 
represents the composition 20 per cent water, 50 per cent acetic acid, 
and 30 per cent vinyl acetate. 

When vinyl acetate is added to water, a homogeneous solution is 
formed, provided that the amount of vinyl acetate does not exceed that 
corresponding to complete saturation, represented by the point z. If 
further amounts of vinyl acetate are added, the mixture will separate 
into two layers, one of which consists of a saturated solution of water 


* This figure is taken from International Critical Tables, Vol. II, p. 402 (1927) 
with permission of the publishers, McGraw-Hill Book Co. 
+ Smith, J. Phys. Chem., 45, 1301 (1941). 
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in vinyl acetate, and the other a saturated solution of vinyl acetate in 
water. The composition of these two immiscible solutions is represented 
by the points x and z. 

If acetic acid, which dissolves completely in both liquids is added, it 
renders the water more soluble in the vinyl acetate and the vinyl acetate 
more soluble in the water. It distributes itself between the two layers, 
forming two immiscible ternary solutions of vinyl acetate, water, and 
acetic acid which are in equilibrium with each other. These solutions 
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Fie. 85. . Three-component phase diagram showing regions of miscibility and non 
miscibility plotted at 25° on triangular coordinates. 


are represented by two points such as a and b within the triangular di- 
agram. The line joining a and 6 is known as a tze line. Other tie lines 
are shown for other compositions; usually they are not parallel to the 
base AC of the triangle. The compositions of the two phases cor- 
responding to the intersection of the tie lines with the curves ry and zy 
have to be determined experimentally. As more and more acid is added, 
the tie lines become shorter and shorter, and, ultimately, when the com- 
positions of the two solutions become identical, they shrink to the single 
point y. The point y is a critical point, since further addition of acetic 
acid will result in the formation of a single homogeneous phase. Any 
point under the curve represents a ternary mixture which will separate 
into two liquid phases; any point, above the curve represents a single 
homogeneous liquid phase. 

A ternary mixture whose over-all composition is represented by the 
point F will separate into two conjugate ternary solutions having the 
compositions a and b. Significant information can be obtained by draw- 
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ing a line from A representing pure water, through the specified point 
F, and extending to cut the curve at G, and the line BC at H. Starting 
now with a mixture of vinyl acetate and acetic acid at H and adding 
water, the over-all composition of the system is given by points in suc- 
cession passing from H to A. Along the line HG, the addition of water 
gives a single homogeneous liquid phase, in which the ratio of vinyl 
acetate to acetic acid is always equal to HB/HC. The percentage of 
vinyl acetate and acetic acid decrease as water is added, but the ratio of 
their percentages remains constant at 60/40. When point G is reached, 
the addition of more water produces two liquid phases, and these two 
conjugate phases persist as more water is added along the line GH. From 
E to A the addition of more water produces a single homogeneous phase, 
the water being in such large excess that the vinyl acetate and acetic 
acid can both dissolve in it. Between G and # the quantity of the phase 
which is richer in water increases relative to the quantity of the phase 
which has the smaller percentage of water. Not only do the relative 
amounts of the two different liquid phases change, but also the com- 
positions of each phase changes as indicated by the intersections of the 
tie lines with the curve xyz. The over-all ratio of vinyl acetate to acetic 
acid in the two solutions, added together, is still, however, equal to 
BB/HC, 

Vinyl acetate and water become more soluble at higher temperatures, 
and the region where there are two immiscible phases would be smaller. 
The line xyz would fall below its present position at higher tempera- 
tures. 

In applying the phase rule to these triangular diagrams, it must be re- 
membered that the pressure and the temperature are fixed, and in most 
diagrams the vapor is condensed. Then F = C—P+0O02=3-—P. 

The percentage compositions X of two of the components provide the 
only variables, but these may apply to several different liquid phases. 
When there is but one liquid phase, as in Fig. 85 above xyz, there are two 
degrees of freedom, namely, X4 and Xz (or Xz and X¢, or X4 and Xo), 
where A, B, and C are the components. When there are two liquid 
phases, there are four possible variables: the percentage composition of 
two components in the water phase and the percentage composition of 
two components in the vinyl acetate phase. However, according to the 
phase rule, only one of these variables is independent when there are two 
phases, since F = 3 — 2 = 1. With reference to the line xyz on the 
triangular diagram, as soon as the percentage of water in one phase is 
specified, the system is completely described. For example, if on the 
line xyz the water is specified as 5 per cent giving the point a, the com- 
position of vinyl acetate and acetic acid in this vinyl acetate layer is 
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easily obtained from the triangle. 


Moreover, the percentage of each of 


the three components in the second liquid phase, the water phase, is 
determined by point b which lies at the other end of the tie line. 


A common type of phase dia- 
gram is shown in Fig. 86. Here 
two different salts and water are 
given at the three apices of the 
equilateral triangle. The area at 
the left of the curves represents 
unsaturated solution. The solu- 
bility of pure (NH4).SO,4 in per 
cent at 30° is given by ZL; and 
the solubility of pure Lig8O4-H2O 
is given by O. The line LM 
shows how the solubility of 
(NH4)o8O4 is decreased by the 
addition of LigSO,4, and the line 
ON shows how the solubility of 
LigSO,-H2O is changed by the 
addition of (NH4)2SO,4. Along 
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Fic. 86. Triangular diagram showing re- 
gions of solubility and double salt forma- 
tion for two salts in water. 


the line MN, a double salt Lig8O4-(NH4)2S04 precipitates out. The 
tie lines give the composition of the solution which, is in equilibrium 


with the salt for any total composition specified within these areas. 
It is possible to represent temperature as a variable in a three-com- 


Fia. 87. Triangular prism 

showing solid and liquid phases 

for a three-component system 
at different temperatures. 


ponent system using a triangular prism 
in which the temperature is plotted at right 
angles to the base of the prism. Such prisms 
are useful in determining the composition 
of a three-metal alloy which will give the 
lowest possible melting point. Low-melting 
alloys are used, for example, in automatic 
water sprinklers for fire protection. 

In Fig. 87 the temperature is plotted ver- 
tically. The front plane gives the freezing- 
point curves of bismuth and tin with a 
eutectic at 135°; the plane at the left of 
the back gives the freezing-point curves for 
bismuth and lead with a eutectic at 125°; 
and the remaining plane for lead and tin 


gives a eutectic at 181°. These curves are connected by three surfaces 
which meet in a point giving a eutectic at 96°, where all three metals 
freeze out together. This is the lowest possible melting temperature 
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that can be obtained from any mixture of these three metals, and the 
exact composition of this ternary alloy is found by projecting a vertical 
line down from this point until it hits the triangular base. 

Some three-component systems may be represented with rectangular 
coordinates at various temperatures by space models of the type shown 
in Fig. 88a. The per cent by weight of ammonium sulfate in aqueous 
solution is plotted along the X axis, the percentage of sodium sulfate is 
plotted along the Z axis, and temperature is plotted along the Y axis at 
right angles to the two concentration axes. The meaning of this space 
model is made apparent by the three graphs which accompany the model. 
The left side of the model is shown at c, where the concentration of am- 
monium sulfate is zero. The figure gives simply the concentration— 
temperature graph for sodium sulfate in water. It shows the solubility 
curve of NasSO4 and of NasSO4-10H2O and the freezing-point curve 
along which ice separates. The bottom of the model shown at d gives the 
concentration—temperature graph for ammonium sulfate, and the solu- 
bility curve and the freezing point are shown intersecting at the eutectic 
point. In Fig. 886 three isothermal planes are shown intersecting the 
space model at 15°, 35°, and 60°. The model is constructed by placing 
Figs. 88c and 88d at right angles and spacing the isothermal concentra- 
tion curves shown at 6 for the two salts at the proper intervals along the 
temperature axis. If desired, plaster of paris or other plastic material 
could be used to construct a space model along the curves given in these 
three dimensions. 

The isothermal section at 15° is labeled LMNO in Figs. 88a and 6. 
The solubility of NagSO,-10H2O in pure water at 15° is 1i per cent by 
weight. As (NH4)eSO4 is added to the solution, the solubility of 
Na2SO,4-10H20 increases along the line LM. When the solution con- 
tains 21 per cent (NH4)oSOq4, the solubility of NagSO4-10H2O is 16.5 
per cent (expressed as per cent of NasSO4). When more ammonium 
sulfate is added, a double salt makes its appearance along MN, and, 
the more ammonium sulfate is added, the lower is the solubility of 
this double salt. The line NO represents the decrease in solubility of 
(NH4)2SO4 at 15° caused by the addition of NagSO, to the solution. 
Similar curves are shown for 35° and 60°. In the space model shown in 
Fig. 88a the pressure is fixed, and the vapor is considered to be con- 
densed. All the volume inside the space model refers to unsaturated 
salt solution. It is the only phase present, and there are three degrees 
of freedom. Percentages of two components in the solution and tem- 
perature must be specified in order to define the system completely. 
(F =3—1+1=3.) The various solid phases touching the model 
are specified on the model. For example, on top of the model there is 
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NapSO,4, at the right there is (NH4).SO,4, over the curved face is the 
double salt NagSO,4-(NH4)2804-4H20, and in front of the model is ice. 
At these surfaces there are two phases (solution and a solid phase). 


Per cent Na,SO, 


0 10 20 30 40 50 60 
Per gent (NH,4).SOq 


a 


fez) 
o 


~ 
o 


40 ~—-380 20 10 0 0 10 20 30 40 50 
Weizht per cent Na,SO,<— —-Weight per cent (NH4).SO4 
(Concentration of (NH4)2S04= 0) (Concentration of NazSO4= 0) 


(c) 


Fic. 88. Space model for two salts and water showing phases present at different 
concentrations of salts and at different temperatures. 


Along the lines there are three phases, and at the points of intersection 
there are four phases. The degrees of freedom are, respectively, 2, 1, 
and 0. For example, at the point P there are NagSO4, NagSO4: 10H20, 
Na2SO4:(NH4)2804-4H20 and solution; then F =3—4+1=0. 
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It is possible to represent on two-dimensional coordinate paper the 
proportions of many components using a method proposed by Lodoch- 
nikov and modified by Reimers.* <A single axis or composition line is 
used for the total composition, and segments are plotted for various 
proportions of constituents, making use of special symbols. 
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PROBLEMS 


1. Construct and interpret the phase diagram based on the following data where 
Nppr, is the mole fraction of lead iodide and ¢ is the freezing point of the solution in 
degrees centigrade for the system KI — Pble: 


Nppte 1.00 0.90 0.80 0.70 0.60 0.50 0.40 0.30 0.20 0.10 0.0 
te 412 395 367 324 337 349 422 504 585 641 686 


Assume that all compositions below 0.5 Nppr, give a final solidification temperature 
of 346°. 
Ans. Compound KI-PbI2 melting at 349°. 
EKutectics at 0.47 Nppr, and 346° and 0.69 Nppr, and 321°. 


2. Interpret the diagram of the mixed phosphates shown in Fig. 89, and state the 
number of degrees of freedom at a typical line, point, and area. State what will 
happen on cooling a typical concentration of the fused phosphate mixture. 


1000 


Range of ‘*Polyphosphate’?_s 
900 Gla: 


oo 
S 
Ss 


Temperature-°C 


500 F-NaPO 3+ Melt Na; P,07Melt Na,P,0, 
+ 


0 10 20 380 40 50 60 70, 80 90 100 
Weight per cent Na, P.O, 
NaPO3; Na;P30, Na,P,0, 


Fig. 89. Temperature-concentration phase diagram for phosphate glasses. 


* Reimers, “A System of Graphics for Chemical Compositions,’ Dow Chemical 
Co., Midland, Mich., 1946. 


a 


PROBLEMS 339 


3. The following cooling curves have been found for the system antimony—cad- 
mium. 


Per cent cadmium by weight OR 20S, Om moO Sia Ome Gon 100) 
First break in curve, °C NOOO eeOU ete in LOLS ccr OQ ete a iss 
Continuing constant temp, °C 630 410 410 410 410 439 295 295 321 


Construct a phase diagram assuming that no other breaks than these actually occur 
in any cooling curve. Label the diagram completely and give the formula of any 
compound formed. Ans. Cd3Sbe melting at 439°. 
4. The following are the data for the system methylcyclohexane—aniline—n- 
heptane at 1 atm and 25°. Draw a triangular diagram for the system, including tie 
lines, and compute the exact composition of the first drop of the new liquid phase to 
form when a sufficient quantity of pure aniline is added to a 40 per cent solution of 
methyleyclohexane in n-heptane to give separation into two phases. 


Hydrocarbon Layer Amiline Layer 
Wt. % Wt. % Wt. % Wt. % 
Methyleyclohexane n-Heptane Methyleyclohexane n-Heptane 
0.0 92.0 0.0 6.2 
9.2 83.0 0.8 6.0, 
18.6 73.4 Whol 5.3 
33.8 57.6 4.6 4.5 
46.0 45.0 7.4 3.6 
59.7 30.7 9.2 2.8 
73.6 16.0 ileyeal 1.4 
83.3 5.4 15.6 0.6 
88.1 0.0 16.9 0.0 


Ans. 36.7 per cent methyleyclohexane, 55.2 per cent 
n-heptane, 8.5 per cent aniline. 


5. The vapor pressure of a mixture of Zn(NO3)o-6H2O and Zn(NO3)2-8H20 as a 
function of the temperature is given below. (a) Find graphically the heat of transi- 
tion between these hydrated salts at 25°. 


Temp. 34 30 25 20 15 10° 
p 7.54 5.95 4.15 2.92 2.00 1.36 mm 


(b) What is the free-energy change at 25° in the reaction, 
Zn(NOs3)e-8H20 (s) = Zn(NOs3)2-6H20 (s) + 2H20 (/) 


(c) What is the entropy change in the reaction at 25°? 
Ans. (a) AH = 25,000 cal. 
(6) AF = 2,080 cal. 
()-AS = (hol) We 


6. (a) Referring to Fig. 79 choose two areas, two lines, and two points, and state 
what. components and what phases are present. (b) State how many degrees of 
freedom there are at each of these areas, lines, and points. (c) Name the solid and 
liquid phases which appear in succession as water vapor is pumped away from a 
dilute solution of sulfuric acid which is maintained at —30° C. 
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7. Sketch a phase-rule diagram for thallium and mercury with freezing points 
plotted against per cent by weight. Use the following facts: Mercury melts at —39°; 
the compound TlHgs melts at 15°; thallium melts at 303°; thallium lowers the 
freezing point of mercury down to a minimum of —60° at a composition of 8 per 
cent thallium; the eutectic point for Tl and TlpHg; is 0.4° at a composition corre- 
sponding to 41 per cent thallium. Label the phases present at each area, line, and 
point. 


8. Given the system water, KNO3, and NaNOz3 at 25°. Sketch this system on a 
triangular diagram, labeling the areas in which you would expect to find (a) only 
solution; (6) a mixture of solution and solid KNOs3; (c) a mixture of solution and solid 
NaNOs3; (d) a mixture of solid KNO3, NaNOs, and solution. The solubility of KNO3 
in pure water is 46.2 per cent, the solubility of NaNOg3 in pure water is 52.2 per cent, 
and all three of these phases are in equilibrium when the composition is as follows: 
water 31.3 per cent, KNO3 28.9 per cent, and NaNO3 39.8 per cent. No crystalline 
hydrates nor double salts are formed. 

9. The following data are available for the system NiSOs—H»SO,—H20 at 
25°. Sketch the phase diagram on triangular coordinate paper, and draw appropriate 
tie lines. 


Liquid Phase Composition of 
Wt. % NiSO, Wt. % He2SOx Solid Phase 
28.13 0 NiSO4-7H2O 
27 .34 1.79 z 
27.16 3.86 
26.15 4.92 NiSO,4-6H2O 
22.26 7.93 
15.64 19.34 a 
10.56 44.68 f 
9.65 48 .46 NiSO4- H2O 
2.67 63.73 ;: 
0.23 72.38 a 
0.12 91.38 % 
Osi 93.74 NiSO« 
0.08 96.80 se 


10. The following data are available for the system NagSO4 — Alo(SO4)3 — HO 
at 42°. Draw the phase diagram on triangular coordinate paper, and draw in some 
appropriate tie lines. 


Liquid Phase Composition of 


Wt. % NaeSOg Wt. % Alo(SOx)3 Solid Phase 

33.20 0 NaeSO, 

32.00 1.52 NaoSO4 

31.79 1.87 NaesO4 

28.75 Weak NaeSOu 0 Ale(SO4)3 C 14H2O 

24.47 2.84 NaeSO, . Ale(SOx4)3 si 14H2O 

16.81 5.63 NaeSO4 2 Alo(SOx4)3 . 14H2O 

10.93 10.49 NagSO4- Alo(SOx)3-14H2O 
4.72 ileal NagSO4 C Alo(SOa)3 14H.O 
Ass 18.59 Als(SOx)3 


0 16.45 Ala(SOx)3 


on 
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11. The vapor pressure of a mixture of Zn(NOs3)o-4H2O and Zn (NOs3)2-2H2O is 
given as a function of temperature below. Find AH®, AF®, and AS® at 25°. 


Temp., °C 39 38 37 35 30 25 20 
p, tam eA Zee eee SO ele 2o) ORGONOn27 (0208 


12. Calculate the solubility of monoclinic sulfur in CCl, at 25°. That of rhombic 
sulfur is 0.84 g per 100 g of CCly. Sulfur exists in both solutions as 8s. The free 
energy of formation of monoclinic sulfur is 23 cal per mole greater than that of rhom- 
bic sulfur at 25°. 


13. Interpret the phase diagrams for the polyiodides of cesium published by 
Briggs and Hubbard, J. Phys. Chem., 45, 821 (1941). 

14. Interpret the phase diagram for the iron—carbon system given on page 609 of 
Vol. IL of International Critical Tables. * 

15. Interpret the three-dimensional model representing the system aniline-sulfur 
dioxide, as worked out by Hill and shown in Fig. 90. (J. Am. Chem. Soc., 53, 2598 
[1931].) 


Vapor Pressure of Liquid SOs 


o& ; ae 


Nit aie 


Com- — 
pound 
BA 
VA ‘Vapor 
Pressure 
C,H;NH of Aniline 


by 
Temperature 


Fia. 90. Concentration—temperature--pressure phase diagram. 


* McGraw-Hill Book Co., New York, 1927. 


CHAPTER XIV 
CHEMICAL KINETICS 


The aim of chemical kinetics is to predict the rates of chemical re- 
actions and to describe the course of the reactions. It is a more difficuit 
field than thermodynamics and the prediction of chemical equilibria, 
because the latter are concerned only with the initial and final states and 
not with time nor with mechanisms, nor with intermediate states. 
Science has not progressed very far in chemical kinetics, but the mere 
fact that the study of kinetics is a pioneer field adds interest to the sub- 
ject. Many processes involve two or more reactions which are going on 
simultaneously in a very complicated manner. Impurities and traces 
of catalysts are likely to change the velocities, so that it is often difficult 
to obtain reproducible results. 

Most ionic reactions of inorganic chemistry take place so fast that 
their rates cannot be measured, but in many of the reactions of organic 
chemistry the study of chemical kinetics is particularly important. 
Most reactions of organic chemistry are slow, and the relative rates of 
competing reactions are often more important considerations than is the 
extent to which the reactions are completed at equilibrium. If two 
organic substances are mixed together, there may be many different prod- 
ucts which are all possible according to thermodynamics. By altering 
the concentrations and the temperature and by using specific catalysts, 
it is possible to bring about a desired reaction. If the specified reaction 
cannot be made much faster than all the other competing reactions, the 
yield will be low. 

Experimental Measurements of Reaction Rates. The rate of a 
chemical reaction may be followed in many different ways. Samples 
may be removed at intervals, chilled rapidly, and analyzed by titration 
or other analytical methods. Again, several bulbs of reacting material 
may be started out together, and each may be chilled quickly at dif- 
ferent time intervals and analyzed. The chilling must be so rapid that 
the concentration does not change appreciably during the sampling 
operation. 

Physical means of analysis which do not disturb the system are con- 
venient. If one of the reactants or products rotates the plane of po- 
larized light, its concentration may be determined during the course of 
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the reaction with the help of a polarimeter. Again, the concentration 
of one of the materials may be followed by measuring the absorption of 
light at a given wave length and applying Beer’s law. Frequently, this 
method is not practical, because more than one colored material is pres- 
ent. The use of ultraviolet and infrared light makes possible wider ap- 
plications of this method. 

An increase in volume of a solution measured during the course of the 
reaction may be followed in a large thermometer bulb or a dilatometer. 
Again, the volume of gas evolved by certain reactions in a liquid solution 
may be taken as a measure of the extent of the reaction. The volume 
Vo is measured at the beginning and the volume V ,, when the reaction 
has been completed. Measurements of volume V; are taken at various 
times ¢ during the reaction. Then V,, — Vo.is a measure of the total 
amount of material which can react, and V,, — V; is the measure of the 
amount of material which still remains unreacted at time ¢. Then, the 
fraction of the material remaining unreacted at time ¢ is given by the 
expression (V , — V;)/(V~ — Vo). 


Example 1. When nitrogen pentoxide decomposes in carbon tetrachloride 
solution, oxygen gas is evolved. In one experiment 23.95 ml of gas was evolved 
during 1 hour’s time and, after standing till no more gas was given off, the total 
volume of the gas was 34.75 ml. What fraction of nitrogen pentoxide remained 


undecomposed after 1 hour? 
3 4.75 — 23. 
Fraction undecomposed = ae” = 0.311 

Electrical conductivity of a solution and total pressure of a gas are 
other physical properties which may be used in a similar manner to fol- 
low the rate of a chemical reaction. In complicated reactions, however, 
it is unwise to use total pressure as a measure of the extent of decomposi- 
tion, unless the measurements are accompanied by chemical or physical 
analyses which are specific for one or more of the reacting materials. 


Example 2. In the gaseous reaction C2H;Br — C2H, + HBr, the pressure 
increased from. 200 mm at the beginning to 390 mm at the end. After 500 
seconds the pressure was 300 mm. What fraction remained undecomposed? 
If it is assumed that the pressure should double to 400 mm at the end, as indi- 
cated by the equation, half of the material would be left, that is, (400 — 300)/200 
= 0.50. However, the fact that the final pressure was 10 mm less than 400 mm 
indicates that there is some complication involved, and the calculation is not 
entirely safe. Obviously, some other reaction in addition to the one written on 
paper is involved. 


The rate of a reaction may be determined by measuring either the 
rate of decrease of the reactants or the rate of increase of the products 
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The rate of increase of concentration is represented by dc/dt, and the 
rate of decrease in concentration is represented by —dc/dt. In gas re- 
actions a stream of reacting materials is sometimes passed through a re- 
action vessel in a steady flow. The volume of the vessel divided by the 
volume of the gases passing through the vessel in 1 second gives a meas- 
ure of the time in seconds during which the gases are in the vessel. The 
vessel may be heated to a higher temperature, or it may be filled with a 
catalyst. The gases entering the vessel and issuing from it are analyzed. 
It is difficult to get exact kinetic data by the flow method, but it makes 
possible the use of large quantities of material, and it is a common in- 
dustrial operation. 


Example 3. A volume of 1200 ml of gas is passed through a 100-ml heated 
tube in 300 seconds. The volume is the calculated volume of the gas at the 
temperature of the furnace. How long is each molecule at this higher tempera- 
ture, assuming no chemical change in the number of molecules. 

The flow of gas is +%%° or 4 ml per second. The time ¢ of residence of the 


gas in the tube is given by the calculation: 


Ey ol) ml 
~ 4ml sec! 


= 25 sec 


Reaction Mechanisms. In a unimolecular reaction only one molecule 
is involved in the chemical reaction. It may break up into smaller parts 
as in the dissociation of bromine at high temperatures, 


Bro — 2Br 


or it may merely undergo a rearrangement as when maleic acid is con- 
verted into fumaric by heating, 


mei be Lee HCCOOH 
= | 
H—C—COOH HOOCCH 
In a bimolecular reaction two molecules must come together before 
reaction can take place. They may be different kinds as in the forma- 
tion of hydriodic acid, 


or the same kind as in the dissociation of hydriodic acid which occurs at 
a higher temperature, 


Hin pee 


In the example just given one could write the reaction as a unimolecular 
reaction, 


HI —~ H+I 


QT Ana eh 
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but the energy required to produce the free atoms of hydrogen and 
iodine is so great that the reaction does not ordinarily go by this mecha- 
nism. 

In a termolecular reaction three molecules combine as, for example, 
in the reaction, 


A+B+C— ABC 
or in the oxidation of nitric oxide, 


Termolecular reactions are rare, and reactions involving the simul- 
taneous collision of more than three reactants are never found. 

Most reactions are quite complex and really involve a series of steps, 
some fast and some slow, but each of these steps is usually itself a uni- 
molecular or bimolecular reaction. For example, the thermal decom- 
position of ethyl bromide may be written simply as the unimolecular re- 
action: 

C2H;Br ao CoH, se HBr 


The stoichiometrical quantities are given correctly by the equation, 
but the reaction may involve a series of steps with atoms and fragments 
such as the following: 

CoHsBr aa. CoH; ar Br 


Br + CoHs;Br — HBr —- C.H,Br 
CoH,4Br >. CoH, 3 Br 


The over-all reaction as written on paper usually has little significance 
in chemical kinetics. It is more important to learn by experiment how 
the rate of the reaction is influenced by the concentration of the reacting 
materials and, thus, to establish the order of the reaction as described in 
the following sections. 

First-Order Reactions. A first-order reaction is one in which the rate 
of reaction is found by experiment to be directly proportional to the 
concentration of the reacting substance. Obviously the amount of ma- 
terial which reacts depends on the amount that is present, and, if the 
volume is kept constant, the situation is described mathematically as 
follows: 

ial oD 
where c is the concentration of reacting material A, k is a proportion- 
ality factor, t is the time, and —dc/dt is the rate at which the concentra- 
tion decreases. 
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Integrating this simple differential equation, we have 
— Inc, = kt + constant 
k 
— loge, = | ——— ]¢ + constant (2) 
2.303 


It is evident from this equation that in a first-order reaction a straight 
line is produced when the logarithm of the concentration is plotted 
against time. The velocity constant k can be evaluated by multiplying 
the slope of the line by 2.303. 

Integrating equation 1 between the limits, concentration c; at time 
t,, and Cz at a later time tz, we have 


c2 de to 
-{ <= kf a 
a C€ 4 


—In C35 (-— In C1) = k(tg aa ti) 


2.303 Cy 
k= log — (3) 


2.303 Co 
k= log — (4) 
C 


where Co is the concentration at the beginning of the reaction when the 
time is zero and c is the concentration after time t has elapsed. 
This equation is often written in the exponential form: 


¢= oe . (5) 


Still another modification is used, in which a is the initial quantity 
of reacting material A in a given volume, x is the amount reacting in 
time ¢, and a — xis the amount remaining after time t. Then, 


2 Sipe) 6 
Fae cae (6) 
and 
2.303 a 
— log (7) 
a-2Z 


The constant k is called the specific reaction-rate constant or the ve- 
locity constant. For a first-order reaction it is a number per unit of time 
and may be expressed in reciprocal seconds (or in other units of time). 


io See 
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When, for example, k has a value of 0.001 sec! the material is decom- 
posing at the rate of 0.1 per cent per second. 

Reaction rates may be described by giving the numerical value of k, 
or sometimes by giving the period of half-life, ty, that is, the time neces- 
sary for half a given quantity of material to decompose. It is meaning- 
less to speak of the time necessary for all the material to decompose, 
because, theoretically, an infinite time is required. For a first-order re- 
action, 

2.303 1 0.693 
k = era 
ty, ey ly 


The period of half-life in a first-order equation then is 


0.693 
Ms , (8) 

The determination of the specific rate constant makes possible a cal- 
culation of the amount of material which will react in a given time, or 
the time required for any specified portion of the material to react. 

The calculation of first-order reaction rates may be illustrated with 
the decomposition of nitrogen pentoxide.* Nitrogen pentoxide is a 
crystalline solid which gives a gaseous pressure of 1 atm at about 30°. 
It decomposes completely in the gas phase, or when dissolved in inert 
solvents, at a rate which is conveniently measured at room temperature. 
It is strictly first order, and its rate of decomposition has been checked 
in many different laboratories. The end products are oxygen and a mix- 
ture of N2O4 and NO». The following equation represents the over-all 
reaction, although the intermediate steps are probably quite com- 
plicated (as they are in most reactions which have been thoroughly 
studied) : 

N205 — N2O4 + 302 
{f 
2NO, 


For every molecule of oxygen produced, two molecules of nitrogen 
pentoxide have decomposed. 

When a solution of nitrogen pentoxide in carbon tetrachloride de- 
composes, the N2O4 and NO» remain in solution while the oxygen es- 
capes and is measured in a gas buret. The reaction vessel is carefully 
thermostated, and it is agitated to prevent supersaturation. 


* Daniels and Johnston, J. Am. Chem. Soc., 48, 53 (1921); Eyring and Daniels, 
tbid., 62, 1472 (1930). 
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Experimental data for the decomposition of nitrogen pentoxide dis- 
solved in carbon tetrachloride at 45° were calculated as illustrated in 
example 1. They are given in Table I and plotted in the accompanying 
figures. 

TABLE I 


Decompos!TIon oF NoOs In CCl Sonution at 45° 


t c Ac k 
(seconds) (moles /liter) log ¢ ae eae ee 4 

0 2.33 OS 3607 Bile eee ae Pee 
184 2.08 0.318 0.00136 2.20 6.32 
319 1.91 0.281 0.00126 2.00 6.23 
526 1.67 02223 0.00116 A Rear AS, 6.22 
867 1.36 0.133 0.00090 Itai! 6.23 
1198 teat 0.045 0.00075 1.23 6.03 
1877 0.72 1.857 0.00057 0.92 6.27 
2315 0.55 1.740 0.00039 0.64 6.42 
3144 0.34 1.5381 0.00028 0.44 5.88 


In Fig. 91a the concentration is plotted against time where it is seen 
that the concentration decreases with time, rapidly at first, then more 
slowly, and finally approaches zero. 

In Fig. 910 the straight line produced by plotting the logarithm of the 
concentration against time shows that the reaction is first-order and 
follows strictly the relation given by equation 2. 

In Fig. 91c the values of —Ac/At obtained by taking increments of 
concentration and time between successive observations are plotted 
against the average concentration. The increments are sufficiently 
small so that the graph constitutes a confirmation of equation 1 and 
gives a straight line which runs into the origin. It shows that the rate 
of decrease in concentration with time is proportional to the concen- 
tration. 

The value of the specific reaction rate, as given in the last column of 
Table I, ranges around 0.00062. The best value is 0.000622 as obtained 
by multiplying the slope of the line in Fig. 91b by 2.303, in agreement 
with equation 2. The slope of the straight line in Fig. 91c, which is & 
in agreement with equation 1, has a value of 0.00062. 

Sometimes it is inconvenient and unnecessary to determine so many 
points on the curve. If the reaction is first order, it will take twice as 


eed 
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long for three fourths of the material to decompose as it takes for half 


of it to decompose. This single criterion is sometimes useful. 


Fig. 91. 
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Three different ways of showing the decrease in concentration of material 


with time in a first-order reaction. 


After proving that the reaction is strictly first order, the best value 
of the constant & can be determined from the slope of the straight line 
as in Fig. 916 or by substituting two widely separated readings into for- 
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mula 3. The best results are obtained when the first reading is chosen 
near the beginning of the experiment, as soon as the reaction vessel has 
reached the temperature of the thermostat, and the second one when 
the reaction is about two thirds completed. In this way the errors of 
experimental measurement are reduced to a minimum. Two other in- 
dependent readings over about the same range may be used as a check. 
It is not satisfactory to average all the constants obtained in successive 
time intervals using formula 3, for such a procedure may cancel out all 
the intermediate readings and give a constant based only on the first and 
last readings. These readings are often the least accurate.* 

Second-Order Reactions. When the rate of a reaction as determined 
in the laboratory is proportional to the concentration of two reacting 
substances, the reaction is of the second order. Thus, in the reaction 
A+B — AB, if 


ene fe emiree EOE (9) 


the reaction is said to be of the second order. It will be shown on page 
362 that if 
—dca 
dt 


7 ek | 
SOK Ca Cur 


the reaction would be ciassed also as second order. 

If a and b represent the initial molar concentrations of the two re- 
acting substances, and if x denotes the number of moles of A or B in 
each liter reacting in the interval of time ¢t, then the velocity of the re- 
action is expressed by the equation: 


—=k(a—z)(b—2x 10 

e ( ) ) (10) 

In the simplest case the two substances (A and B) are present in equal 

concentrations, and a = 6. Under these conditions, the rate equation 
becomes 


Crear’ il 
—=k(a—-: 
dt i fo 
Integrating equation 11 yields 
=kt+C (12) 


CO alten! 


* Mathematical methods for calculating rate constants are discussed critically by 
Roseveare, J. Am. Chem. Soc., 53, 1651 (1931); and by Reed and Theriault, J. Phys 
Chem., 35, 673 (1931). 
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Evaluating the integration constant C by setting z = 0 when ¢ = 0, we 
have 

1 a 

k = --———_ (13) 

t ala — 2x) 
If the reacting substances are not present in equivalent amounts, then 
equation 10 must be employed. On integrating * and evaluating the 
integration constant, this becomes 


1 b(a — x) 


kt = n ————— 
a—b a(b—z) 


or 

2.303 b(a — x) 

———— log ———— (14) 
t(a — b) a(b — x) 

The graphical method for obtaining the best value of k is convenient 
and satisfactory unless the data are so accurate that the errors of graph- 
ing are greater than the experimental error. Usually the experimental 
errors are greater. When log [b(a — x)/a(b — x)] f is plotted as ordi- 
nates against t, a straight line is obtained if the reaction is second 
order, and k is then obtained by multiplying the slope of the line by 
2.303/(a —b). 

The value of k in a second-order reaction depends on the units in 
which the concentration is expressed, since the magnitude of the term 
(a — b) depends on the units used. For the sake of uniformity it is 
customary to express concentrations in moles per liter. The constant 
k has the dimensions titers moles! sec7. In a first-order reaction the 
form of the equation is such that the units of concentration cancel out. 

The hydrolysis of an ester by an alkali may be taken as an illustration 
of a second-order reaction. The reaction, 


CH3;COOC2H; + OH” = CH3COO7 + C.H;0H 


has been studied by several investigators. Reactions of this type may 
be followed in a number of different ways. Solutions of ester and alkali 
are placed in separate flasks in a thermostat and then mixed. At fre- 
quent intervals, a portion of the reaction mixture is removed, discharged 
into standard acid, and back-titrated with standard alkali. A final 
titration after the reaction is completed is necessary to determine the 
initial concentrations. The reaction may be followed also by measur- 
ing the change in the electrical conductance of the system, as already 


* Daniels, ‘Mathematical Preparation for Physical Chemistry,” McGraw-Hill 
Book Co., New York, 1928, page 189. 

{ This may be replaced for purposes of graphing by its equivalent log [(a — x)/ 
(b — x)] + constant. 
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explained or by measuring the slight increase in volume of the liquid as 
the reaction proceeds. 

Experimental data obtained by titration are recorded in the first three 
columns of Table II, and the specific rate constant k is given in the last 
column, as calculated by equation 14. 


TABLE II 


- 


Hyproutysis or Eruyt ACETATE AT 25° 


a 
| 


= concentration of NaOH = 0.00980 mole per liter 


b = concentration of CH3sCOOC2H; = 0.00486 mole per liter 

Time, a-—x b—z ep ais of sya a a ee) 

seconds| (moles/liter) | (moles/liter) a (b — x) bathe 15) ae (6 — zx) 
0 0.00980 OQO048 65s ms ee Se ee 
178 0.00892 0.00398 0.0412 0.108 
273 0.00864 0.00370 0.0640 0.109 
531 0.00792 0.00297 0.1208 0.106 
866 0.00724 0.00230 0.1936 0.104 
1510 0.00645 0.00151 0.3266 0.101 
1918 0.00603 0.00109 0.4390 0.106 
2401 0.00574 0.00080 0.5518 0.107 


The specific rate constant k can be determined easily and with greater 
accuracy by a graphical method. 


Example 4. Calculate k from the data of Table II as shown in Fig. 92. 


0 400 £00 
Time in Seconds 


Fig. 92. Straight-line graph for a second-order reaction; the hydrolysis of ethyl 
acetate. 


1200 1600 2000 2400 


b (a — 2) 
a(b — 2) 


The slope of the line is 0.550/2400 = 0.000229. It is equal to 7 log 
Then, since a — b = 0.00980 — 0.00486 = 0.00494, 


_ 2303 1, 8-2) 2.808 
(a—dt =ab—=z) 0.00404 


X 0.000229 = 0.107 
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Third-Order Reactions. [f in a reaction involving three substances 
A, B, and C 
hina poate dca dcg dec ; (15) 
Se herent 
a dt dle wbacieees 
the reaction is called a third-order reaction. 

It is heipful in studying reaction rates to assign symbols to the original 
concentrations and let x refer to the change in concentration during the 
reaction up to time ft. In this way the absolute concentration of the re- 
acting materials can be calculated more easily. 

Then equation 15 may be written 


dz 
— = k(a — x)(6 — z)(c — x) (16) 
dt 
and, in the special case where a = b = ¢, 
dx i 3 
iii PE 
and 4 
— =— kt+ constant 17 
2(a — x)? a) 


The oxidation of nitric oxide to nitrogen dioxide 
2NO + O2 = 2NO2 
is a third-order reaction,* because the rate equation is found to be 


dcxo, 


= keyo’¢o 
dt : 


Zero-Order Reactions. There are reactions also in which the rate 
is unaffected by the concentration, because it is determined by some 
other limiting factor such as the absorption of light in certain photo- 
chemical reactions or the rate of diffusion in certain surface reactions. 


—e (18) 


Again, the concentration of material may be kept constant auto- 
matically as in a saturated solution. Then, although cy, is a constant, 
x the amount of A reacting as defined in equation 6 is given by the 
expression, 


sch (19) 
dt 
x = k’t + constant (20) 


* Hasche and Patrick, J. Am. Chem. Soc., 47, 1207 (1925). 
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The constant k’ calculated in this way may include arbitrary con 
stants corresponding to the fixed intensity of absorbed light or the con- 
centration in a saturated solution or vapor. 


Example 5. At 25° the pressure p of N2Os in equilibrium with crystalline 
N2O; is 414 mm. The solid NOs does not decompose, but the gaseous N2O5 
decomposes slowly, giving 1 molecule of oxygen for every 2 molecules of N2Os5 
decomposed. When a molecule decomposes, its place is taken by another mole- 
cule from the crystal, and, thus, the concentration of gaseous N2O; is maintained 
constant. The pressure of oxygen increased at 25° as given by the following 
data. Calculate the specific decomposition rate k. 


Time, seconds 0 1200 1800 2400 3000 3600 
O2 formed, mm 0 7.0 dui bevy ie os 20.2 24.5 
N2O; decomposed, mm 0 14.0 evaen 34.3 40.4 49.0 
= N20; decomposed 
ec! (mm X 107) 0) dL oalye 1.30 1.43 1.34 1.36 
k = specific decomposition 
rate NoO5 = (x 10°) 2.8 3.1 3.4 3.2 3.3 


Complex Reactions. The mathematical description of reaction rates 
thus far has been confined to a few standard types, but it must not be 
imagined that most chemical reactions are amenable to such simple 
mathematical treatment. In fact, there are very few chemical reactions 
which follow first-, second-, or third-order equations throughout the 
whole course of the reaction. More often there are two or more different 
reactions taking place at the same time so that the mathematical de- 
scription of the over-all reaction is the resultant of several different rate 
expressions. Important among the complications are consecutive re- 
actions, reverse reactions, and competing reactions, some types of which 
are illucineted here. 


Consecutive reactions: A—- B—>C 
Reverse reactions: A,+ Bo @ 2AB 


AB 
4+B/ 


. vA 
Competing reactions: A 
aN 

AC 
These several reactions are either unimolecular or bimolecular reactions, 
and occasionally perhaps termolecular. It is clear that, although the 
individual reactions are simple unimolecular or bimolecular reactions 


+ 


make 


i Ae be ee 
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which follow the first- or second-order equations, the over-all reaction 
may be exceedingly difficult to describe mathematically because several 
of the consecutive, reverse, and competing reactions may be going on at 
the same time. Accordingly, the chemical reactions chosen for labo- 
ratory study are usually ones in which all but one of the reactions are 
negligible, because they are either too fast or too slow to be of sig- 
nificance in comparison with the one reaction. In general, the accuracy 
of rate measurement is not high, and it is safe to ignore those reaction 
steps which do not contribute more than about 1 per cent to the over- 
all concentration. 

For example, in consecutive reactions A — B — C, if the reaction 
B — Cis fast (perhaps 100 times as fast), in comparison with the slow 
reaction A — B, the latter will be the determining rate. 

Consecutive reactions are very common. In fact, the equations as 
ordinarily written give little idea of the intermediate steps, and yet one 
of these intermediate steps may be the slowest reaction, that is, the rate- 
determining reaction. Kinetic measurements offer one of the best meth- 
ods for studying intermediate steps in a reaction. Simple reactions, like 
the oxidation of hydrocarbons to give carbon dioxide and water, really 
pass through a series of intermediate stages involving the production of 
peroxides, alcohols, ketones, and acids. 

Many excellent examples of consecutive first-order reactions are 
found among the nuclear reactions of the radioactive elements (page 
629). Because these radioactive reactions are unaffected by temper- 
ature, pressure, or catalysts, and other factors, they can be expressed 
with exactness by simple first-order equations. 

Theoretically, all reactions are reversible, but, usually, the reverse 
reaction can be ignored because it does not affect the final concentration 
appreciably. An example of a reversible reaction is 


CH3COOH + C2.H;CH —@ CH3COOC2H; + H20 


At first, the reverse reaction can be ignored, but, after appreciable 
amounts of ethyl acetate and water have accumulated, both reactions 
must be included in the rate expression. 

Competing reactions are very common, particularly in organic chem- 
istry. When two compounds are mixed, there may be dozens of products 
all of which are possible according to the laws of thermodynamics. Of 
the several possible products that product which is formed by the fastest 
reaction will appropriate most of the reacting materials and be the pre- 
dominating material. In studying chemical kinetics those reactions 
are usually chosen in which one reaction predominates and all other 
simultaneous or competing reactions are relatively much slower. In 
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synthesizing compounds the organic chemist chooses reactions in which 
he can suppress all the competing reactions and leave only the one re- 
action which gives the desired product. An example of competing re- 
actions is the nitration of bromobenzene to give ortho, meta, and para 
nitrobromobenzene, which, under certain conditions, gives the yields 


indicated. 
Br Br Br 
NO: 
NOs, 
NO;2 
Met 


Ortho eta Para 
13.5 per cent 0.3 per cent 86.2 per cent 
Obviously, a high conversion of bromobenzene to para nitrobromo- 
benzene can be obtained only in case the production of the meta and 
ortho forms is small. 
Again the reaction of chlorine to methane might give 


CHCl 
4. CHCl, 
\ CHCl; 
Sccu 


wv Cle + CH, 


The study of kinetics should help to show which product will predom- 
inate and suggest means by which the conditions can be controlled to 
favor the production of one of these specified products at the expense 
of the others. 

There are many cases in which the reaction mechanism is more com- 
plicated than appears from the simple rate equation. For example, the 
inversion of cane sugar in aqueous solution proceeds according to the 
following bimolecular equation when hydrogen ions are present: 


Cy2H22011 + H20 > C6Hi20¢6 + CeH1206 


Sucrose Fructose Glucose 


The rate of the reaction is followed by measuring the rotation of polar- 
ized light. Although water (and hydrogen ions) play an active part in 
this reaction, its concentration does not appear to change, because the 
water is present in large excess. For example, in a 0.5-molal solution 
there are 111 molecules of water to every molecule of sugar, and when 
the sugar has completely reacted, the water will have been reduced by 
less than 1 per cent. The second-order equation reduces to the simple 
first-order equation since one of the reactants is essentially constant. 

The decomposition of hydrogen peroxide represents another type of 


. BE > ear 


MATHEMATICAL ANALYSIS OF COMPLEX REACTIONS = 357 


complex reaction. Hydrogen peroxide is fairly stable in the absence of 
catalysts, but, when it combines with a substance such as ferric chloride 
(probably to give ferric acid), the decomposition is rapid. Although the 
reaction involves two reacting substances, one of them, that is, the 
ferric chloride, is released unchanged after the reaction. The con- 
centration of the ferric chloride remains constant and equation 9 reduces 
to equation 1 since cg is constant. 

Mathematical Analysis of Complex Reactions. The mathematical 
treatment of complex reactions will be illustrated with simple cases of 
consecutive first-order reactions which can be integrated by standard 
methods. 

> B mC 


Seve i key = 0.05 


in which the specific reaction rates are 0.1 and 0.05 per hour, respec- 
tively. At the beginning of the reactions, it is imagined that there is 1 
mole of A and none of B or C. After a time t, x moles of A have de- 
composed at the rate of 10 per cent per hour producing x moles of B and 
leaving 1 — x moles of A. But B also decomposes and does so at the 
rate of 5 per cent per hour. After time t, y moles of C have been pro- 
duced. The amount of B is the result of a balance between formation 
and decomposition, and at any time tit is represented by x — y. 
The decomposition rate of A is given by the equation: 


cl a Dara (21) 
dt i 


The rate of formation of C is given by the equation: 


dy 
dt 


= ko(x — y) (22) 


The amount of A at any time is obtained by integrating the first equa- 
tion to give (1 — x) = e * = e~°'!' and the amount of C is obtained by 
substituting this value of x into equation 22 and solving the differ- 
ential equation * to give y = 2(1 — e~ °°) — (1 — e~°"), The amount 
of B at any time is merely the difference between x and y. 


d ope 
* + kay = hav = ke(l — e™) 


kel —e ™) —mh—e ™) 0.051 —e °") — 0.10 — 2%) 
ka — ky oan 0.05 — 0.1 


pee ateaie ee, ered) 
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The amounts of A, B, and C as calculated from these formulas are 
recorded at various times in Table III and Fig. 93. 


TABLE III 


ConsEcuUTIVE Reactions A 


==32 183 
k=0.1 


Amounts of A, B, and C at various times starting with 1 mole of A 


Time, Quantity A, —0.05¢ Quantity C, | Quantity B, 
t (l—-—2) = ae ‘ y u—y 
0 1 1 0 ) 
10 0.368 0.606 0.156 0.476 
20 0.135 0.368 0.399 0.466 
30 0.0498 0.223 0.604 0.346 
40 0.0183 0.135 0.748 0.234 
50 0.00674 0.0821 0.842 0.151 
60 0.00248 0.0498 0.903 0.095 


If the course of the reaction were followed by analyzing for A, curve 
A would be obtained; if it were followed by measuring the quantity of 
the end product C, curve C would result; and, finally, if only the inter- 


Concentration 


OP 10 


20 30 40 
Time 


50 60 70 


Fig. 93. Consecutive first-order reac- 
tions’ A <9 Be S1Cl cp SOL hy = O08: 


mediate product B were deter- 
mined, the course of the reaction 
would rise to a maximum and then 
fall off, as shown by curve B. The 
broken line D gives the rate at 
which the decomposition product 
of A would be formed in case it did 
not undergofurther decomposition. 
The actual rate of production of C 
is seen to be quite complicated, and 
the existence of a slow induction 
period or time lag at the beginning 
of the reaction is evident. 

This example is given in some 
detail because it is a comparatively 
simple example of a complicated 
reaction. When the rate of each 
of the steps is known, the over-all 
reaction rate can be built up as 
shown, provided it is possible or 


ee oe mr 
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practical to carry out the operations of integration. In laboratory 
practice the situation is usually much more difficult, for the over-all 
reaction is known, and the problem is to determine the rates of the in- 
termediate steps. Not only is it difficult to solve the resulting differen- 
tial equations, but also it is even more difficult to be sure that the set 
of reactions thus determined is the only set that will be in accord with 
the observed facts, that is, that the solution is a unique solution. 

Reversible as well as consecutive reactions may be treated math- 
ematically if the equilibrium constant is known, making allowance 
for the reverse reaction. Starting with a moles of acetic acid and a 
moles of alcohol in the reaction CH3;COOH + C2.H;0H — CH3COOC2H; 
+ H,20, the rate of the forward reaction is given by the expression, 


dx 
a Kia) (23) 
at 


where « represents the amount of acid and alcohol reacting, or the 
amount of ester and water formed at the time ¢, and k, is the specific 
reaction rate of the forward reaction. 

The rate of the reverse reaction is given by the expression, 


mea Se (24) 
—— = kox 
ene” 


where ky is the specific reaction rate at which the concentration of the 
products, ester and water, decrease. 
The actually observed rate, including both forward and reverse re- 
actions, 1s 
da - ‘ 
= = ky(a — x)” — kor (25) 


But, from the definition of the equilibrium constant, 


ese 
kg 
or 
ky 
Naira (26) 
and 
dx ky 
—=/,(4 — 7)? — —2 27 
a (a x) Ve. (27) 
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In the reaction between acetic acid and ethyl alcohol, at room tem- 
perature, K has the value 4.0, and equation 27 may be integrated and 
solved for ky. 

One more example of a complex reaction is cited in Fig. 94, in which 
a first-order reaction is followed by another first-order reaction which, 
however, is accompanied by a reverse reaction, as follows: 

ke 
Aner iia 
kg 
where k; = 0.10; kg = 0.10, and kz = 0.05. All the reactions are first- 


order reactions. 
1.0 


Concentration 
(cat 
on 


Time 


Fig. 94. Consecutive first-order reactions with reverse reaction 


A= B SC. ky 01: OF kn 
k3 


There are many other kinetic expressions which combine competing, 
consecutive, or reverse reactions, each of which may involve either a 
first-order or a second-order equation.* Many of the more complicated 
ones are difficult or impossible to integrate. However, the perfection 
of mechanical calculators and differential analyzers and the develop- 
ment of elaborate calculating machines making use of multiple banks 
of electron tubes have made possible the solution of very complicated 


* For a fuller treatment the student is referred to Moelwynn-Hughes, “Physical 
Chemistry,”’ Oxford University Press, 1941, Appendix 9, and to Sherwood and 
Reed, “Applied Mathematics in Chemical Engineering,” McGraw-Hill Book Co., 
New York, 1939. 


re ee he ee weber 
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kinetic equations. Often valuable information can be obtained from the 
rate equations without integration, and through them it is easy to under- 
stand why there are sometimes induction periods, why complex reactions 
may approach a first or second order or a fractional order, and why 
these apparent orders change during the course of the reaction. 


Example 6. Set up a rate expression for the following reactions, i and 2, 
which go on simultaneously. 


ky 
(1) Ae BAC 
ky’ 
(2) AaB LD 
d 
(3) = = —kyea + ki'cace — kecace 
dc 
(4) =3 = kecace 
d 
(5) = = kyica — ky'cccp 
deg } 
(6) ak = kica — ky'caco — kecace 


It may be assumed that, after a short induction period, B is consumed by the 
reaction to give D as fast as it is produced from A and that a steady state exists 
in which 

dcp 


een 
(7) Then, under this condition, 
oar kica 
3 ki'ce + keea 
and 
dcp kykoca” 
a He Be et lie 1 
(8) dt ears ky'ce + keca 


and, since 2 moles of A disappear for each mole of D produced, 


dc, Qh kec a” 


(9) iF dt i ki‘co + keca 


The rate of this reaction depends on the concentration of both A and C. When 
koe, is small compared to ki’cc, the rate of change of the concentration of A 
depends on ¢4?, and the reaction is second order with respect to the reacting sub- 
stance A; when kyc,4 is large compared to ky'cc, the rate depends on c,, and the 
reaction is first order with respect to A. 

In actual practice the exponent of c4 may shift gradually from first order 
through mixed orders to second order with respect to A as the reaction proceeds. 
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Determination of the Order of a Reaction. Simple examples have 
been given of clean-cut first-, second-, third-, and zero-order equations, 
but, as shown in the preceding section, it must not be supposed that all 
observed chemical reactions fit these types. The order of a reaction is 
determined by the exponents of concentration terms from which the rate 
of the reaction is determined. For example, in the reaction A + B— X, 
the rate expression is 


Pa = Rea GF - (28) 


The rate of production of X depends on the concentration ¢ of each 
of the materials taking part in the reaction each raised to an exponent 
which is determined empirically by experiment. Sometimes the ex- 
ponents such as m and n are whole numbers, 1, 2, 3, etc., representing 
the number of moles of the material taking part stoichiometrically in the 
reaction. An example was given in equation 9. It is just as likely, how- 
ever, that the experimental data will show that the rate of formation of 
X or the disappearance of A is given by an expression with fractional ex- 
ponents such, for example, as 


— — = keg' cp" (29) 


This situation emphasizes the fact that frequently there is little relation 
between the stoichiometrical reaction as written on paper and the order 
of the reaction as determined in the laboratory. In fact, most chemical 
reactions are complex, involving two or more different reactions or re- 
action steps going on simultaneously, although each of these intermediate 
reactions is likely to be a unimolecular or bimolecular reaction. 

The sum of all the exponents involved in the rate equation is taken 
as the order of the reaction. Thus, in equation 9 it is second order, in 
equation 17 it is third order, and in equation 29 it is 2.3 order. There 
are several different ways in which the order of a reaction may be de- 
termined. 

Substitution into Formulas. If a reaction is of first, second, third, or 
zero order, a constant value of k will be obtained throughout the course 
of the reaction when the data are substituted into the proper formula. 
If none of the formulas can be made to fit, the reaction is complicated, 
and probably two or more reactions are going on simultaneously. 

Graphing. 'The order may sometimes be determined by plotting dif- 
ferent functions of the concentration c against the time. If a straight 
line is obtained when log c is plotted against time, the reaction is first 
order as shown in equation 2. 
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In the special case where all the reactants have the same initial con- 
centration, the reaction is second order if a straight line is obtained when 
1/c is plotted against time, as shown in equation 12, and third order if a 
straight line is obtained when 1/c” is plotted against time as shown in 
equation 17. 

In a zero-order reaction a straight line is obtained when ¢ is plotted 
against time as is evident from equation 20. 

Half-Life Periods. In a first-order reaction the period of half-life (or 
in fact the time required for any given fraction to react) is independent 
of the initial concentration as shown in equation 8. 

In a second-order reaction in which a = b, the time required for a 
given fraction to react is inversely proportional to the initial concen- 
tration, and i, = 1/ka, as shown in equation 13. 

Variation in Ratio of Reactants. When different molecules are in- 
volved, the course of the reaction may be studied by altering the ratio 
of the reacting materials. For example, the oxidation of nitric oxide, 


is accelerated more by increasing the concentration of nitric oxide than 
by increasing the concentration of oxygen. This fact is in accord with 


the equation: 
deno, 


dt 


= konoe x COs 


Much information may be gained in a complex reaction by increasing 
greatly the concentration of the reactants, one at a time, and observing 
the change in the reaction rate over a short period of time (for example, 
a period in which the change in composition is not over 10 per cent). 
gi 

ince de di A 
dt 
where A, B, and C represent the different molecules reacting and m, n, 
j are the corresponding exponents in the rate equation, it is seen that m 
can be evaluated by doubling c4, keeping cg and cc constant, and de- 
termining Ax/At experimentally in the two cases. Thus, for short inter- 
vals where (Az/At)»o,, is the observed rate when the concentration of 
A is doubled, giving 2c, instead of ca, 


ce) 
At /2ca k2™ca™cepn"ec? 


(2) — kea™ep"ec? 
At /ca 


i) 
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Example 7. The chemical equation for the reaction between potassium 
oxalate and mercuric chloride is 


2HeCle + KeC204 > 2KCl + 2COz + HgeCle 


The weight of HgoCle precipitated from different solutions in a given time, at 
100°, was as follows: 


HgCle KoCo04 Moles of 
(moles per (moles per Time, HgoCle 
liter) liter) minutes precipitated 
(1) 0.0836 0.404 65 0.0068 
(2) 0.0836 0.202 120 0.0031 
(3) 0.0418 0.404 60 0.0032 


Write the differential equation for the reaction rate, evaluating the exponents 
of the concentrations. 


daz m n 
7 = kewects CK 20204 
From 1 and 2, 
(22), 0.068 
At / 2¢%K 0004 65, _ KCrgcig)(2CK 20204)" _ on 
i aa nail tenella OMMRLA. TULA Uae 
Bey OO08T 8 Rena) Grc00” 
At CK2C204 120 
Since 2” = 4, n = 2. 
From 1 and 3, 
(2) SOS 
At 7remeln _ 85 _ _ 9 = Bcnecn)"Cmscr00)" _ om 
=) 0.0032 K(Crgctz)”(Cx2c204)” 
At / cago, 60 
Since 2” = 2,m = 1. 
Then, 
dx 


2 1 2 
Gi = Kergcty CK2C204 


It may be noted that the rate depends on the square of the potassium oxalate 
concentration, although the stoichiometric equation indicates that only one 
molecule is involved. Again, the reaction as written is bimolecular with respect 
to mercuric chloride but first order with respect to the concentration of mercuric 
chloride. These differences show that the reaction is complex and that the 
equation as written does not represent the full course of the reaction with its 
rate-determining intermediate steps. 


Addition of Excess of Reactant. Often a complex reaction may be 
simplified and studied by adding a large excess of one or more of the re- 


- 


nor 
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actants so that they do not undergo appreciable change during the re- 
action. If all but one of the reacting substances are present in large ex- 
cess, a variation of the concentration of this one reactant permits a 
direct determination of the exponent to which the concentration of the 
reactant is raised in the rate equation. 

Influence of Temperature. It has long been known as an empirical 
fact that many reactions in the neighborhood of room temperature ap- 
proximately double or treble their velocity for a 10° rise. 

A more quantitative relation, proposed by Arrhenius, is given in the 
following equation, 

(PRLS mest ade (30) 


where s is a constant and AH, is another constant, which is now in- 
terpreted as the heat of activation as explained on page 375. Set in 
logarithmic form, 


ee saat (31) 
OM = — + constan 
”  2303R T 
Differentiating equation 31 
dink AA, (32) 
TED Go 
and integrating between limits 
k AH, -/Te= T 
log — = ( : ‘) (33) 
ky 2.303R TT 


It may be noted that these equations are similar to those for equilib- 
rium constants studied on page 282. According to equation 31, a 
straight line is produced when the logarithm of the specific reaction rate 
is plotted against the reciprocal of the absolute temperature. The 
specific decomposition rates of gaseous nitrogen pentoxide * at different 
temperatures are given in the third column of Table IV, and they are 
shown graphically in Fig. 95. 

The slope of the line in Fig. 95 is —5400, and AH, has the value of 
24,709. Equation 31 becomes 

24,700 1 


— + 13.638 (34) 


Go) ro ee 
2.303 X 1.987 T 


and equation 30 
k = 4.3 X 10!8¢724:700/1.9877 


* Daniels and Johnston, J. Am. Chem. Soc., 43, 53 (1921). 


366 CHEMICAL KINETICS 


TABLE IV 


Decomposition or NirroGeN Prenroxipe AT DIFFERENT TEMPERATURES 


ie ye ape 10” log k keatc. X 10° | Half-Life 
65 0.002959 487 —2.313 477 2.38 min 
55 0.003048 150 —2.824 155 7.72 min 
45 0.003145 49.8 —3.303 47.2 21.8 min 
35 0.003247 1335 —3.871 13.2 85.9 min 
25 0.003357 3.46 —| —4.471 (3.46) 1 5.71 hours 
0 0.003663 0.0787 —6.104 0.0733 | 10.2 days 


1 The value of Kops, at 25° was used for calculating Keaic.- 


The calculated specific reaction rates when this formula is used are 
given in the fifth column of the table. The periods of half-life, calculated 
from the data in the third column, are given in the last column. 


7.0 
0.0029 1/ 0.0031 0.0033 0,00385 0.0037 
ily 


Fig. 95. Log k vs 1/T graph for the decomposition of N20; showing the method 
of determining activation energies. 


The marked influence of temperature on reaction rates is clearly 
brought out in this table. Extrapolated values based on equation 34 
are shown in Table V. It should be emphasized that the range 
between reactions which are too slow to measure and those which are 
too fast to measure is comparatively narrow. Ordinary laboratory 
measurements have usually been limited to the range between minutes 
and months. 
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TABLE V 


EXxTRaPoLATED VALUES OF Hatr-Lire 


i Half-Life . ie Half-Life 
300, 0.000039 sec. 25 5.7 hours 
200 0.0039 0 11 days 
150 0.088 —25 3 years 
125 0.56 — 50 830 years 
100 4.6 —75 | 940,000 years 
75 51 —100 8.4 billion years 


A few other first-order gas reactions together with the Arrhenius con- 
stants are given in Table VI. 


TABLE VI 


Frrst-Orper Gas PuHase REACTIONS 


Decomposing Specific Reaction Decomposing Specific Reaction 
Substance Rate, seconds Substance Rate, seconds! 

(1) N20 k = 4.3 X 10'e—24,700/RT |! (5) CH;Br k = 3.8 X 10!4e—54,800/RT 

(2) SiH k = 2 X 10!8¢—51,700/RT (6) ClCO2C2Hs | k = 5.5 X 101% —29,400/RT 

(3) Pb(CoHs)4 | & = 1.2 X 10!%—36,900/RT || (7) CH3N; k = 3 X 1015¢—43,500/RT 

(4) N2O k = 4.2 X 10% 53,000/RT | (g) Stilbene k = 6 X 10!%¢— 42,800/RT 

1. Daniels and Johnston, J. Am. Chem. Soc., 48, 53 (1921). 

2. Hogness, Wilson, and Johnson, J. Am. Chem. Soc., 58, 108 (1936). 

3. Leermakers, J. Am. Chem. Soc., 55, 4508 (1933). 

4. Nagasako and Volmer, Z. physik. Chem., 10B, 414 (1930). 

5. Vernon and Daniels, J. Am. Chem. Soc., 55, 922 (1933). 

6. Choppin, Frediani, and Kirby, J. Am. Chem. Soc., 61, 3176 (1939). 

7, Leermakers, J. Am. Chem. Soc., 55, 2719 (1933). 

8. Isomerization of czs-stilbene, Kistiakowsky and Smith, J. Am. Chem. Soc., 56, 638 (1934). 


Kinetic Theory of Gases. 


Information concerning the distribution 


of energy among molecules and the frequency of collisions may be ob- 
tained from the kinetic theory of gases. This, in turn, is valuable in the 
study of reaction rates. 

The unordered motion of colloid particles can be directly observed 
under the microscope, as described on page 532, and we have every 
reason to believe that the motions of molecules in a gas are similar. A 
series of collisions in the right direction may give to a molecule an ab- 
normally high velocity, and on the other hand a head-on collision may 
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completely stop a molecule for a brief interval of time. Since the veloc- 
ities are determined by chance, and since a large number of molecules 
are involved in any measurement, the laws of probability may be applied 
with exactness. 

The distribution of velocities is known as the Maxwell distribution 
law. It is illustrated * in Fig. 96 for gaseous nitrogen pentoxide, which 
has a molecular weight of 108. It is seen that there is a most probable 


Percent of Molecules having Velocities between 


w and w +0.01 Meters per Second 
Percent of Molecules having Velocities between 


w and w +0.01 Meters per Second 


os 1 
% 100 200 800 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 
w= Velocity in Meters per Second 


Fia. 96. Maxwell distribution of velocities in molecules (of N2Os5) with enlarged 
scale of ordinates at the right for high velocities corresponding to activation energies 
of chemical significance. The ordinates at the right are plotted on a logarithmic scale. 


velocity which varies with the temperature and that there are very few 
molecules with very high or very low velocities. 

It is only the molecules which possess extremely: high velocities that 
are of any interest in chemical reactions. For example, in nitrogen 
pentoxide an energy of 24,700 cal per mole, equivalent to a velocity of 
nearly 1400 m per second, is required for decomposition. 

In other words, those molecules with velocities of about 1400 m per 
second or more have sufficient energy to undergo chemical reaction. 
The relative number of these ‘‘activated”’ molecules is exceedingly small 
at room temperature, and, hence, the reaction is slow. As shown by the 
exaggerated scale at the right, the number of these rapidly moving mole- 
cules is greatly increased by an increase in temperature. 


* Calculated with the formula 
dn De 1 36 —E/RT 14 
— = — (| — E?’ dE 
R Sx gel $ 


given in the appendix, page 678. 
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An approximate derivation of the Maxwell law for the distribution of 
velocities among molecules can be obtained by calculating the prob- 
ability that molecules will move with specified velocities in specified 
directions in a two-dimensional plane. Under these conditions it can be 
shown that 


1 
a RT mas dH (35) 


where n is the total number of molecules and ng is the number of mole- 
cules having kinetic energy of translation between FE and dH. Integrat- 
ing from # to infinity to determine the number of molecules with en- 
ergies greater than EF yields 
ie) 
- { dng = eal ete 


ie.) 


AE = 6 BRP (36) 
n 
where nz/n is the fraction of the molecules having energies greater 
than H. 
A more exact expression derived on the basis of the three axes instead 
of two (given in the appendix on page 678) is 


1p 2 gai E iy 
aE oa 37 
Ne RT ee 


Example 8. Calculate at 25° and at 35° the fraction of nitrogen pentoxide 
molecules having a kinetic energy equal to or greater than 24,700 cal per mole 
and the effect of a 10° rise in temperature on this fraction. 


At 25° NE ae 2 e7 B/RT E pe 2 ge 24,700/ (1.987 X 298.1) 24,700 
eve RE Whe V1.987 x 208.1 


= 5.69 x 107-8 
"Ee ey 70/97 2082 «| 24,700 a 
ee Cee ——— = 2.17 X 10-7 
i «/s 1.987 X 308.1 ae 


(np/N)35° = Posie x 10-1" 
(np/n)os° 5.69 & 10-18 


3.81 


This ratio of 3.8 in the fraction of activated molecules is in close agreement 
with the ratio of the reaction rates at 35° and 25° as given in Table IV, 


13.25< OP 


aie ce 


indicating that the major increase in the reaction rate is due to an increase in the 
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fraction of activated molecules. It should be emphasized that the total kinetic 
energy of the gas, = Rr, increases only 3.3 per cent when the temperature is 


raised from 298.1 to 308.1. Most of this energy, however, is too low to do any- 
thing chemically. Only kinetic energy of 24,700 cal per mole or greater is effec- 
tive in bringing about this reaction, and this high-intensity energy is increased 
greatly by a 10° rise, as shown. 


Molecular Collisions in Gases. Four quantities of use in chemical 
kinetics may be calculated from the kinetic theory of gases introduced 
in Chapter II. They are: (1) the number of molecules striking a sur- 
face, (2) the number of collisions per second between molecules in a gas, 
(3) the molecular diameters, and (4) the distance a molecule travels 
before colliding with another molecule. 

1. Number of Molecules Striking a Surface. If n molecules are con- 
tained in a cube 1 cm on an edge, it may be assumed that one sixth of 
them are moving toward one wall. The root-mean-square velocity is uw 
centimeters per second, and the number of molecules hitting the wall in 
a second will be equal to one sixth of the number which are within a 
distance of u centimeters from it. Even if one of these molecules is 
prevented from hitting the wall by colliding with another molecule, the 
second molecule will be deflected back so that the number of hits is the 
same. If there are n molecules in the 1-cm cube, the number hitting one 
wall (1 sq cm) is gnu (17). A closer analysis which allows for unequal 
speeds and collisions at oblique angles gives 1/ V 6x or 0.230 instead of 
1/6. Then, 


Collisions per square centimeter of wall per second = 0.230nu (38) 


It was shown on page 28 that 
BRT (39) 
“t= SS t 
M 


Since w is expressed in centimeters per second, R must be expressed in 
ergs per degree to keep both in egs units. 

2. Frequency of Collisions. A rough idea of the number of collisions 
between molecules may be obtained from the following considerations. 
If the diameter of a molecule is ¢, and two molecules are just touching, 
the distance separating their centers is also ¢. If molecules are consid- 
ered to be points, each molecule can collide with all other molecules 
which come within the distance o from its center. A molecule moving 
with a velocity of uw centimeters per second will sweep out during a 
second a cylindrical space wu centimeters long with an effective cross 
section 1a”. The cylindrical space may be zigzag in shape on account 


ed 


neta eee 
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of deflections suffered during collisions. If there are m molecules per 
cubic centimeter, this molecule will collide with (xuo”)n other molecules, 
but each of the n molecules will sweep out this effective volume and 
undergo the same number of collisions. The total number of molecules 


undergoing collisions is therefore (ruc?n)n. Certain approximations 
are involved in this derivation, and, when corrections are made for the 
distribution of velocities and other factors, the number of molecules 
colliding is given more exactly by the expression: 


4V/(30)uo?n? or 4.09u0?n? 


The number of collisions is one-half the number of molecules colliding, 
because two molecules are necessary for a collision. The number of col- 
lisions z per second per milliliter is given by the equation: 


z = 2.05u0?n? (40) 


By substituting for wu its equivalent given in equation 39 and combin- 
ing and rounding off numbers, the following approximate equation is 


obtained: 
Ran 
z= 3.540°n? «/— (41) 
M 


3. Molecular Diameters. All the quantities necessary for calculating 
the frequency of collisions are readily obtainable, except the molecular 
diameter o. This quantity can be valculated from viscosity meas- 
urements, similar to those described for liquids on page 187. A few 
values are given in Table VII. 


TABLE VII 


Mouecuiar DIAMETERS (c) 


Gas o Gas o 

Helium 2.18 X 10~® em || Hydrochloric acid 2.86 X 1078 em 
Argon , 3.36 Hydrobromic acid 3.16 

Chlorine 4.96 Hydriodiec acid 3.50 

Bromine 3.42 Carbon dioxide 4.18 

Iodine 3.96 Hydrogen 2.47 

Oxygen 3.39 Nitrogen pentoxide 8.53 

Nitrogen 3.50 

| 


Many of the diameters calculated from viscosity measurements are 
in close agreement with the diameters as calculated from X-ray meas- 
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urements on crystals, and there is good evidence that the diameters of 
most molecules are of the order of 10~* em or perhaps 2 to 10A. In 
fact, when no data are available, it may be assumed for the purpose of 
estimating the number of collisions that the molecular diameter is 
5x 10-° cm. In certain phenomena involving radiation, however, 
molecules appear to have effective diameters which are much larger. 

4. Mean Free Path. If a molecule travels u centimeters in a second 
and collides with uo?n molecules per second, as shown before, the 
average distance between encounters J, called the mean free path, is 
given by the equation: 


Closer analysis shows that 


(42) 


A knowledge of the mean free path is useful in calculations involving 
collisions in chemical reactions and rates of diffusion of gases. In ail 
these formulas, 38, 39, 40, 41, and 42, the velocities u are given as the 
root-mean-square velocities. The average velocities and the most 
probable velocities vary slightly from these values. 


Example 9. Nitrogen is contained in a vessel at 1 atm pressure at 25°. 
Calculate: (a) the number of collisions on the walls per second per square centi- 
meter; (b) the number of collisions between molecules per second per milliliter; 
(c) the mean free path. 

It is necessary first to calculate the number of molecules n per milliliter and 
the velocity of the molecules wu, 


1028 
n = 6.02 X —————— = 2.46 X 108 


2981 
(22, 400 x = i) 


= 3RT = (3X 8.314 x 107 X 298.1\% 96.56 108 
w= iT aes) = 26.56 X 10 
= 5.15 X 104 em sec—! 
(a) 0.230nu = 0.230 x 2.46 X 10! X 5.15 X 104 
= 2.92 x 103 collisions em sec 
(6) 2.05ue'n? = 2.05 < 5.15 x 104.X B.50< 103° 5< C46 10*)2 
= 7.83 X 10” collisions between molecules em? sec! 
a 1 
v/2re2n 1.41 X 3.14 X. (8.50 K 10-*)* K 2.46 x 10” 


@) f= 


= 7.47 X 10~* cm = the mean free path 
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Activation of Molecules. According to present theories, it is necessary 
for molecules to become activated before they can react. If all mole- 
cules were equally reactive, it would be difficult to account for the very 
existence of slow reactions. Since the number of collisions per second 
is enormous, it might be expected that all reactions would be instan- 
taneous. Jonic reactions, such as neutralizations and precipitations, are, 
in fact, immeasurably fast, but the energy of activation required for 
ions to react is usually very small. 

Chemical equilibria and thermodynamics involve only the initial 
and final states, and they are not concerned with the mechanisms of the 
reaction nor with the intermediate steps. In chemical kinetics, how- 
ever, we are interested in the reaction steps which lead to the final 
products, and we try to apply our thermodynamical] calculations not to 
the whole reaction but to the activation process. 

Thus, in the over-all reaction, 


Reactants — products or A > C 


we are concerned with AH, which is equal to Hproducts — Hreactants, but, 
in chemical kinetics, the same reaction is written 


Reactants iret activated molecules ae products 


or 
A-—-~B-C 


_and we are concerned with the slow or rate-determining step for which 


AH (A= H activated molecules A reactants 
For the reverse reaction C — B, AHq’ = Hactivated molecules — products 


The relation between the heat of re- 
action and the heats of activation is 
given in Fig. 97. 

The initial molecules A require the 
absorption of a definite amount of heat 
AH, in order to put them in an acti- SAVRacuat 
vated state B from which they can 
rearrange to give the products C. In 
order to reverse the reaction, the mole- 
oa e mast Be supplied vaith tae heat Fria. 97. Relation between activa- 
of activation AH,’, and, therefore, in HN Ae ce eae ana Sees 
passing from the activated state B,to yeactions and the heat of reaction. 
C, an amount o’ heat equal to AH,’ is 
evolved. The heat of reaction measured in a calorimeter at constant 


Activated state 


Cc 
Products 
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pressure is equal to the difference between the heat of activation in the 


two directions. 
AH = AH, — AH,’ (43) 


Usually the heat evolved in the step BC is greater than the heat absorbed 
in the step AB, and the over-all reaction in going from A to C is an evolu- 
tion of heat. If AH, happens to be greater than AH,’, the reaction is 
endothermic. 

It may be remembered that, if the reaction is carried out at constant 
volume instead of constant pressure, the heat of reaction is AH rather 
than AH. The two are practically the same in solutions, where there is 
but little change in volume, and even in gaseous reactions involving a 
change in volume the difference is usually small in comparison with the 
values of AH. 

The energy required for the activated state is the chief factor in deter- 
mining the speed of the reaction. It was shown that, the greater the 
energy required for activation, the fewer are the molecules possessing 
this energy; and, hence, the slower is the reaction at a given temper- 
ature. The heat of reaction AH is of no significance for calculating re- 
action rates. As Hinshelwood has suggested, there is no more con- 
nection between the heat of reaction and the energy of activation than 
there is between the difference in levels of two valleys and the height of a 
mountain pass which separates them. 

One very useful generalization can be made, however. In endo- 
thermic reactions, the energy required for activation must be at least 
as great as the endothermic heat of reaction. This is equivalent to say- 
ing that in going from a lower to a higher valley the route must tra- 
verse an elevation at least as high as the upper valley. Often it is dif- 
ficult to calculate the energy of activation, but, if the reaction is endo- 
thermic, the heat of reaction may be used as a minimum value. 


Example 10. The heat of combustion of a carbohydrate is 112,000 cal per mole 
of carbon. To effect the reverse reaction, namely, the combination of carbon 
dioxide and water to form a carbohydrate, what is the minimum activation 
energy required? 

Since this reverse reaction is endothermic by 112,000 cal, an activation energy 
of at least 112,000 cal must be supplied. It is quite possible that more than 
112,000 cal will be necessary. 


The heat of activation AH, cannot be measured calorimetrically, be- 
cause the activated molecules have only a brief existence. It is deter- 
mined indirectly by plotting log k against 1/T and multiplying the slope 
by 2.303K just as heat of reaction is determined by plotting log K 
against 1/7, where K is the equilibrium constant (page 282). In this 


ae aad 


ee 
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way the heat of activation was found, on page 365, to be 24,700 cal per 
mole for the decomposition of nitrogen pentoxide. 


Example 11. Combining equations 32 and 43, show that the Arrhenius equa- 
tion can be used to derive the known relation between equilibrium constants 
and heat of reaction. 

dink AH, A dink’ — AH,’ 
TET GT 2 Te 


where & and AH, refer to the forward reaction and k’ and AH,’ refer to the 
reverse reaction. 


Subtracting gi 
ei ee ai ae) ANALY 


dT RY 
AH = AH, — AH,’, and, from page 255, k/k’ = K. Then, 
dinK AH 
CE FNC 


This relation was proved by thermodynamics on page 280, thus lending support 
to the validity of the Arrhenius equation. 


The Arrhenius Equation. The considerations just discussed apply 
to free energy as well as to enthalpy, and 


AF = AF, — AF 7 (44) 
It is now worth while to examine more fully the Arrhenius equation, 
k = se7hue/RT 


and to interpret the constants in terms of physical-chemical concepts. 
Since AH, and RT are expressed in the same units, usually calories, 
e S40/ET i; dimensionless. Then s has the same dimensions as k and, 
for first-order reactions, involves a number per second. 

The rate of the over-all reaction depends on the concentration of the 
activated molecules, and this concentration may be calculated with the 
help of thermodynamical relations. There is an equilibrium between 
reacting and activated molecules, and 


Ka = Cactivated 
Creactant 
It will be remembered (pages 150 and 269) that 
AF = AH — TAS 
and that 
AF® = —RTInK 
Then, 


= 0 a 
IK = € Akg /rel = eh8a/Ro DA g/l (45) 
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There are complications involved in calculating the concentration of the 
activated molecules from this equilibrium constant and the concentra- 
tion of the reactants. The more complete rate equation is derived in 
part in the appendix on page 679. It is 


RT 


k as —— gh8e/R,—AHo/RT (46) 


Nh 


where N is Avogadro’s constant and h is Planck’s constant, 6.6 X 107°? 
(page 570). This is the fundamental equation of Eyring’s theory of the 
“activated complex.’’ For a complete interpretation the literature must 
be consulted. * 

This equation constitutes the proof, promised earlier, that the con- 
stant AH, in the Arrhenius equation is the heat of activation. More- 
over, it is evident that the factor s in the Arrhenius equation, known as 
the frequency factor, has the following significance: 


sum ee (47) 
Nh 

At ordinary temperatures the term RT/Nh is about (8.3 X 10” X 300)+ 
(6.0 X 1073 X 6.6 X 107°”) or 10'8. This is the same order of magni- 
tude as the frequency in the infrared spectrum (page 595) which is due 
to the natural vibration period of atoms within the molecule. The term 
e*Se/F is an entropy term, and for unimolecular reactions it may often 
be taken as unity in gas reactions, because the activated complex is 
so much lke the original reactants that the entropy change is very 
small. In some reactions, however, particularly in certain rearrange- 
ments and in bimolecular reactions, the entropy of activation may be- 
come fairly large, and, thus, the frequency factor may become im- 
portant in determining the reaction rate. In a series of related com- 
pounds the influence of structure on the reaction rate is sometimes a 
matter of changes produced in the entropy of activation. It must be 
remembered that these activated molecules or the activated complex 
have only a transitory existence and that it will probably never be 
possible to isolate them and make measurements on them. The value 
of AS, must be determined by indirect methods. 

In many bimolecular reactions the frequency factor s turns out to be 
approximately equal to the number of molecules colliding, per unit 
volume and time, when at unit concentration. As a first approximation 
in such cases, it may be supposed that the rate of reaction is determined 


* Hyring, J. Chem. Phys., 3, 107 (1935); Glasstone, Laidler, and Eyring, “The 
Theory of Rate Processes,’”’ McGraw-Hill Book Co., New York, 1941. 
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by the rate at which activated molecules collide and give the products of 
the bimolecular reaction. On this hypothesis it is proportional to the 
number of molecules colliding multiplied by e~4”*/"", which is approx- 
imately equal to the fraction of molecules in the activated state. But 
there are many bimolecular reactions, particularly in solution, in which 
the reaction goes much more slowly than predicted by this formula. It 
has been customary to assume that a certain orientation at the time of 
collision, a type of lock-and-key effect, is necessary for complete reaction. 
The more exact statistical development giving (RT/Nh)e*S*” for the 
frequency factor leads to terms which are approximately equivalent to 
the product of the collision frequency and the orientation factor. 


Example 12. Inthe bimolecular decomposition of gaseous hydrogen iodide the 
heat of activation has been found by equation 33 to be 45,600 cal. Then, at 
393.7°, from equation 37, 


n' D, eg AHa/RT aoe 
ay 


Bes ee 15 
RT 7.3 X 10 


ay 
ty / 


If the concentration of hydrogen iodide is 1 mole per liter, the number of mole- 
cules colliding per milliliter per sec is given by the expression: 


RE 
22 — ao p40cne - 


ll 


6.02 XK iy Ae x 107 X 666.8 


i (lc —8)2 
2X 3.54 X (3.5 X 10-8)? X ( 1000 127.9 


6.6 X 10% 


Expressed in terms of moles colliding per second per liter, 


1000 
22 = 6.6 X 31 =], il 
Pip = (Oey DIO) X 602 x 10% 1 X 10 
Then calculating the number of moles activated at 393.7°, we have 


n’ 


k= 22X cai Pe GLO fio eo a en 0 ul ee 


The experimentally determined value is 2.6 X 10~* mole“ liter. This fair 
agreement shows that there is no large orientation effect in this simple reaction. 


The Prediction of Reaction Rates. The Arrhenius equation is found 
to fit the rate measurements on a surprisingly large number of different 
reactions at various temperatures. If the heat of activation is known 
from experimental measurements, or if it can be estimated from the- 
oretical considerations (page 694), it is possible to predict the reaction- 
rate constant at any temperature, provided an approximate value can 
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be assigned to the frequency factor. Because of the exponential char- 
acter of the equation, it is more important in calculating the rate con- 
stant k to know the heat of activation accurately than to know the fre- 
quency factor with precision. 

From what has been said in the preceding section, it is evident that 
for many unimolecular gas reactions the entropy of activation is small, 
and the following relation holds approximately: 


p= 10¢ 7% (48) 


In a critical survey * of 28 of the best examples of unimolecular gas- 
phase reactions reported in the literature from 1936-41, the value of s 
in the Arrhenius equation was found to be between 10’? and 10** in 60 
per cent of the reactions. 

On the basis of these facts the chart of Fig. 98 is useful in predicting 
reaction rates for many gas-phase unimolecular decompositions. 

The values of k in sec! on the slanting lines are recorded at the right. 
It is a simple matter to obtain a rough estimate of k by graphical inter- 
polation. The situation is simplified by the fact that very rapid or very 
slow reactions are of no practical concern, the ordinary time of observa- 
tion of the course of a reaction being not less than a few seconds nor 
more than a few months. The values of k falling within this time range 
are roughly from 107! to 1077 sec7?. 

The prediction of reaction rates is simplified also by the fact that the 
range of activation energies is limited very roughly to the range 10,000 
to 100,000 cal per mole. Very few chemical reactions require more than 
100,000 cal per mole of activation energy, and the ones with less than 
10,000 cal are usually too fast to measure. A very large number of 
activation energies range from 15,000 to 60,000 cal. 

If the energy of activation for a first-order reaction is 25,000 cal per 
mole and the temperature is 300° K (a little over room temperature), 
k has a value of 107°, if it is assumed that s has a value of 10!°. When 
k is 10°, the period of half-life is about 19 hours. These data fit the 
case of nitrogen pentoxide fairly well. 

Again, the energy of activation for the first-order decomposition of 
ethyl bromide is about 55,000 cal per mole, and it is evident that the 
temperature must be above 650° K to give appreciable decomposition. 
As another illustration, it may be concluded that at 500° K one is con- 
cerned in unimolecular reactions only with those reactions that have 
values of AH, between 25,000 and 45,000 cal per mole. With larger 
values of AH, the reaction is too slow to measure; with smaller values it 
is too fast. 


* Daniels, Prediction of Reaction Rates, Ind. Eng. Chem., 35, 514 (1948). 
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The chart may be used as a rough estimate in many reactions, but 
large errors are more likely to be made if it is used for unimolecular re- 
actions in solutions. In bimolecular reactions it was seen that part of 
the frequency factor may be interpreted as the number of collisions. 
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Fig. 98. Chart for predicting specific reaction rates at different temperatures for 
different activation energies, if a frequency factor of 101° is assumed. 


These depend on molecular weights and other factors, but, when they 
are expressed in moles per liter, they have a value ranging around 107°. 
In bimolecular reactions, then, the expression, 


pre {Ome stant 


offers a possible but stili more unsatisfactory means for predicting re- 
action rates. 'The entropy of activation or the orientation factor is 
likely to cause large departures from this estimate. 

The prediction of activation energies from known physical-chemical 
constants would be highly desirable. As stated already, the heat of re- 
action cannot be used as an indication of the activation energy. An 
upper limit of the activation energy might be taken as the energy re- 
quired to pull the reactants completely apart to give isolated atoms as 
calculated by adding up the heats of dissociation of the bonds broken 
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(page 134). Certainly, they would then be in an activated state ready 
to react, but usually the activation can be accomplished with a lesser 
expenditure of energy. If there is only an instantaneous collision and 
separation, the energy evolved by the formation of the new bonds is 
dissipated by collision to the surrounding molecules and cannot be used 
in appreciable amounts to activate the reacting molecules. However, 
some of the energy of new bond formation can be used if a complex is 
formed. Thus 


A—B 
Reactants Complex Products 

The ehergy of activation must be somewhere between the heat of re- 
action and the energy required to produce separated atoms. One ap- 
proach to the calculation is given on page 694. According to another 
very simple approach, the activation energy for a bimolecular reaction 
is taken as 28 per cent of the energy required to dissociate the molecules 
into atoms or groups of atoms, that is, the sum of the dissociation en- 
ergies of the bonds broken. Hirschfelder * arrived at this empirical rule 
by finding that, in the case of the decomposition of hydrogen iodide gas, 
which is one of our most accurately known reactions, the experimentally 
determined activation energy is 28 per cent of the energy required to 
dissociate HI into hydrogen and iodine atoms. He then assumed that 
this 28 per cent is a general constant applicable to other bimolecular re- 
actions. The rule seems to hold quite well, but the number of cases 
where experimental checks are possible is quite limited. 


Example 13. Estimate the activation energy for the reaction: 
21Cl (9) + Hz (g) = 2HCl (g) + Is (@) 
For IC] I + Cl, AH = 50,800, and, for Hp > 2H, AH = 97,000. 


Then AH, = 0.28(50,800 + 97,000) = 41,300. The experimentally deter- 
mined value of AH, calculated from kinetic data is 34,000 cal per mole. 


_Entropy of Activation. Although the entropy of activation is small, 
as already explained, in most unimolecular reactions which involve 
merely the rupture of bond, it may not be small in unimolecular re- 
actions which involve a molecular rearrangement, particularly if the 
formation of the activated complex involves a complicated or improb- 
able shape. An example is the rearrangement of 1-cyclohexeny] allyl- 
malonitrile } according to the reaction: 


* Hirschfelder, J. Chem. Phys., 9, 645 (1941). 
} Foster, Cope and Daniels, J. Am. Chem. Soc., 69, 1893 (1947). 
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—=C—(CN)o —=C(CN)2 
= 
Cols CsHs5 
1-Cyclohexenyl 2-Allyl cyclohexylidene 
allylmalonitrile malonitrile 


The rate of the reaction was followed by measuring the refractive 
index at successive times, and the concentration of 1-cyclohexenyl 


t=120.00° 
k=1.806 x 1074 


Per cent rearrangement 


4 t=130.56° 
te = 140.00° k=4,22 os 1074 
k=9.14 x 1074 
0 20 40 60 80 100 120 140 
Time in minutes 


(a) 


Reaction rate constant, k x 104 


1.5 
OH tae ste UY By HG sate Vitel SP ea I aie ache ne i) 
WV/Tx 104 
(b) 
Fig. 99. Rates and activation energy' for the rearrangement of 1-cyclohexeny] allyl 
malonitrile. 


allylmalonitrile is plotted on a logarithmic scale against the time at dif- 
ferent temperatures in Fig. 99a. The rate constants are calculated from 
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the slopes of these lines, and in Fig. 99b the specific rate constants are 
plotted on a logarithmic scale against the reciprocal of the absolute 
temperature to obtain the activation energy. AM, is 26,160 cal. In the 
Eyring equation, 

Vie i 


ae ehSa/R,—AHa/RT 


Nh 


All the quantities have been evaluated except AS,, the entropy of activa- 
tion. When this equation is solved, AS, is found to be —9.9 entropy 
units. This fairly large entropy of activation suggests the formation of 
a distorted ring structure for the activated complex which then breaks 
up in such a way that the C3H; group becomes attached to the cyclo- 
hexenyl group. 
The rate equation then at 130° is 
Teas RT pSa/R—AHa/RT 


Nh 


8.31 X 10” x 403 
~ 6.02 X 1023 X 6.62 X 10727 


= 9.9/1.99, — 26,160/(1.99 X 403) 


= 5.85 X 10! 7710%G-99%49) _ 9.00040 sec 


Catalysis. A substance which increases the rate of a chemical reac- 
tion without being used up in the reaction is called a catalyst. There are 
many different kinds of catalysts and many different mechanisms by 
which the catalyst operates. 

The function of the catalyst is to bring about the desired reaction 
with a smaller heat of activation. A lower heat of activation gives a 
more rapid reaction because more molecules have the required amount 
of energy to react. The high energy requirement is avoided by some by- 
pass. Usually the by-passing consists in forming a new compound with 
less energy consumption and then decomposing this intermediate com- 
pound in such a way as to regenerate the catalyst. In this way the 
catalyst is used over and over again. 

Thus, if a reaction represented by the equation, 


A+G=AG 


takes place very slowly under ordinary conditions, it is possible to in- 
crease its velocity by the addition of an appropriate catalyst H. Then 


(DA pCa 
(2) AA+G=AG+H 


EASES Ree ero net 
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The catalytic action of nitrogen dioxide in the oxidation of sulfur di- 
oxide offers a good example. The rate of the reaction represented by 
the equation 

280, ai Os = 2803 


is very small. The accelerating action of nitric oxide on the reaction 
may be represented in the following simplified manner: 


(2) 2805 + 2NO, = 2803 + 2NO 
(3) 2NO + Oz = 2NOz, etc. 


There are many examples in organic chemistry in which the catalyst 
accelerates the reaction by forming an intermediate compound which 
reacts faster than the original reactants. One of the earliest examples 
was discovered when ethyl] sulfate was detected in the reaction of alcohol 
to give ether using sulfuric acid as a catalyst. Another important ex- 
ample is the catalytic action of aluminum chloride in the well-known 
Friedel-Crafts synthesis of organic compounds which has been shown to 
involve the formation of an additional compound. 

It must be emphasized that the conditions for catalysis are rather 
specific. If the intermediate compound is too unstable, it cannot act 
catalytically; if it is too stable, no further reaction is possible. It must 
have just the right degree of stability. 

The catalyst accelerates the reverse reaction to the same extent as 
the forward reaction so that their ratio, the equilibrium constant, is un- 
affected. 

Sometimes the catalyst may appear to change the equilibrium but in 
such cases large quantities of the catalyst are usually required and the 
material not only accelerates the reaction but also changes the effective 
concentrations of the reacting materials. Changing the solvent, for ex- 
ample, may accelerate a reaction, and it may also change the equilib- 
rium, but the two effects are entirely independent. The catalytic effect 
is not responsible for the equilibrium shift. 

Sometimes one of the products of reaction functions as a catalyst. 
Such a substance is called an autocatalyst. Normally, of course, the 
reaction rate decreases continually, but in autocatalytic reactions the 
rate increases to a maximum and then decreases. 

Contact Catalysis. The phenomenon of adsorption is discussed on 
page 547 where it is seen that in many cases the surface of a solid may 
be regarded as a checkerboard of atoms on which molecules from the 
gas phase, or from solution, become attached. The adsorbed layer is 
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then limited to a thickness of 1 molecule. There may be further con- 
densation of easily liquefiable gases in the minute capillaries of sub- 
stances like charcoal and silica gel, but this phenomenon is not ordinarily 
involved in catalysis. 

When molecules are adsorbed at a surface, the energy content is al- 
tered, and there is opportunity for forming new products. Adsorption 
does not necessarily produce catalytic reactions, but catalytic reactions 
at surfaces generally involve adsorption. Apparently some atoms at 
the surface are in better position to bring about reaction than others. 
Moreover, the exact spacing between atoms in the lattice of the catalyst 
is important, and this distance can be altered by changing the method of 
preparation and adding extra substances. 

The rate of a reaction catalyzed by a surface depends to a large ex- 
tent on the fraction of the surface which is covered with adsorbed gas. 
When the surface is nearly bare, the pressure of the gas determines the 
extent of adsorption, and this, in turn, determines the rate of the re- 
action. Since the reaction rate is proportional to the concentration of 
the gas, the reaction follows the first-order equation. When the surface 
remains practically saturated, on the other hand, the pressure of the gas 
has no influence on the reaction rate, and the reaction is of the zero order. 
When ammonia is decomposed on a tungsten filament, for example, the 
rate of decomposition is independent of the pressure, over a wide range 
of pressure. 

When the surface is partly covered, the reaction rate is proportional 
to something between p! and p®, namely, to p”, where p is the pressure 
of gas and n is some fractional number which is determined empirically 
by experiment. 

The activity of a catalyst is altered appreciably by extremely minute 
amounts of foreign substances. Foreign substances which tend to in- 
hibit catalytic activity are known as poisons; substances which tend to 
enhance the activity are known as promoters. It is easy to see how a 
small number of molecules can react permanently with the few atoms 
at the surface to destroy the catalytic properties. For example, in the 
manufacture of sulfuric acid by the contact process, the presence of a 
very minute amount of arsenic completely destroys the catalytic activity 
of the platinum catalyst by forming platinum arsenide at the surface. 
Certain metals and metallic oxides act as promoters in some cases by 
rendering the catalyst less susceptible to poisoning, but in many cases 
they act by increasing the interfaces at which loose adsorption com- 
pounds are formed, having just the right degree of stability to produce a 
rapid catalytic reaction. 

The catalytic activity of the walls of the containing vessel is a factor 
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in many gaseous reactions. The thermal decomposition of organic ma- 
terials frequently occurs on the walls. In such cases the temperature co- 
efficient is usually small, because the slowest process is the diffusion of 
the products away from the walls, and a diffusion process is subject 
only to the simple laws of the kinetic theory of gases. A 10° rise at about 
300° K increases the diffusion rate by only about 3 per cent, whereas a 
chemical reaction is normally increased about 300 per cent, as already 
explained. 

A wall effect may be distinguished from a homogeneous gas reaction 
by (1) the temperature coefficient, (2) increasing the area greatly, as by 
adding powdered glass to a glass vessel, (8) changing the nature of the 
vessel walls. Quartz may be used instead of glass, for example, or the 
walls may be coated. The reaction between bromine and ethylene is a 
wall effect, as shown by the fact that the reaction is stopped when the 
glass walls are covered with paraffin. When glass vessels are coated with 
the new water-repellent silicones, the character of some gaseous re- 
actions is changed. 

Some Applications of Catalysis. Only a few of the many applications 
of catalysis in the realm of industrial chemistry can be mentioned here. 

The Haber Process for Ammonia. By a careful study of the conditions 
governing the equilibrium represented by the equation, 


Ne + 3H, = 2NH3 


and by the employment of proper catalytic agents, Haber succeeded 
in producing ammonia on a commercial scale by means of this reaction. 
The synthesis of ammonia is now one of the large chemical industries 
of the world and is the basis of most of the world’s explosives and much of 
its nitrogen fertilizer. 

Pure iron and special alloys of iron are effective catalysts. A practical 
catalyst must be not only efficient but also stable and not too easily 
poisoned by traces of impurities. 

In accordance with the principle of Le Chatelier, the equilibrium is 
shifted in the direction of the smaller volume, that is, in the direction of 
the ammonia, by an increase in pressure. 

In order to obtain high yields of ammonia, the pressure is kept as high 
as is technically feasible, and the temperature is kept as low as possible. 
At 550° under a pressure of 200 atm nearly 12 per cent of ammonia is 
formed. The ammonia is removed and the remaining hydrogen and 
nitrogen is recirculated through the catalyst chamber. 

Hydrogenation. Nickel catalysts and metallic oxide catalysts are 
used extensively for hydrogenating various liquids and dissolved sub- 
stances with hydrogen under pressure. An important industrial ap- 
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plication of the hydrogenation process is the conversion of unsaturated 
aliphatic acids, such as oleic acid, into saturated acids, such as stearic 
acid. 

By substituting various groups into a molecule it is possible to add 
hydrogen to different parts of a molecule. In the same way by adding 
certain hydrogen acceptors, that is, substances which are capable of 
taking up hydrogen, it is possible to remove hydrogen from different 
parts of a molecule with the help of a catalyst.* 

Synthesis of Methanol. One of the outstanding developments in in- 
dustrial chemistry has been the large-scale production of methyl alcohol 
from carbon monoxide and hydrogen using a zine oxide-chromium oxide 
mixture as a catalyst.t The reaction is easily controlled, and the cat- 
alyst is not easily poisoned. Pressures up to 200 atm and temperatures 
between 200 and 400° are ordinarily used. Some of the higher alcohols 
have been synthesized in a similar manner, but it becomes increasingly — 
difficult to suppress side reactions with the more complex molecules. 

Petroleum Products. The most striking recent developments in ca- 
talysis have been made in the field of petroleum chemistry. Large-scale 
plants are now producing from ordinary petroleum a wide variety of 
products including toluene, butadiene for artificial rubber and isooctane 
and other compounds with high antiknock properties. Moreover, 
through this catalytic cracking it has been possible to increase greatly 
the amount of gasoline obtainable from the petroleum. 

One of the chief difficulties in these catalytic operations has been the 
removal of the large amounts of heat formed by the chemical reactions. 
Fluidized catalysts are now used on a large scale, the catalyst in fine 
particles being transported in the gas stream. Intimate contact be- 
tween catalyst and gas is thus assured, and supporting structures and 
expensive heat-transfer equipment are greatly reduced. Some of these 
large catalytic cracking towers are over 100 ft in height. 

Fischer-Tropsch Synthesis of Hydrocarbons. Liquid fuel can be 
made from coal, methane, cellulose, or other carbonaceous material. 
The process was used on a large scale in Germany and is considered to 
be of importance in the United States in view of increasing demands for 
fuel oil for heating, for automobiles, and for Diesel engines. 

Gas of the composition nCO + 2nHg. is converted at comparatively 
low pressures into long-chain paraffin hydrocarbons using catalysts of 
cobalt, or of iron or nickel, at about 200°. The catalysts can be made by 


* Adkins, ‘““The Reactions of Hydrogen,” University of Wisconsin Press, Madison, 
Wis., 1937. 

} Fenske and Frolich, Ind. Eng. Chem., 21, 1052 (1929); Smith and Hirst, ibid., 22, 
1037, 1040 (1930). 
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coprecipitating cobalt and iron hydroxides on a silicious material and 
reducing to the metals. According to the carbide hypothesis, the car- 
bon monoxide forms a carbide with the catalyst, and the carbon then 
combines with hydrogen which is loosely held by an adjacent part of 
the catalyst surface. Hydrocarbons of the form C,Hon 2 are thus 
formed and removed in the gas stream and condensed. The carbon 
monoxide and hydrogen mixture called “synthesis gas” can be made 
from the partial combustion of methane, by the action of steam on coke, 
or by heating carbonaceous material. A large supply of cheap oxygen 
is needed because the use of air leaves an excess of nitrogen which then 
prevents proper operation of the process. 

Decomposition of Hydrogen Peroxide. Many catalytic reactions are 
effected through a catalytic pair which is alternately oxidized and re- 
duced. An example is the bromine—bromide catalysis of the hydrogen 
peroxide decomposition.* In acid solutions bromide ion is oxidized to 
hypobromous acid by hydrogen peroxide according to the equation, 


H,0, + Br~ + H* = HBrO + H,O 


and the hypobromous acid, in turn, is reduced by hydrogen peroxide 
according to the equation: 


HO; + HBrO = HO + Br + HT +0, 


The second reaction is faster than the first, but eventually a steady state 
is reached in which the concentrations of bromide ion, hypobromous 
acid, and hydrogen ion are constant, and the only apparent change is 


2H20. | 2H,O — Oz 


Enzymes. Many chemical reactions in living organisms are cat- 
alyzed by complex organic substances called enzymes produced by the 
living cell. They are complicated proteins having molecular weights of 
more than 50,000 and many of them have been isolated in apparently 
crystalline form. When isolated, they can carry on the same specific re- 
actions in the laboratory (in vitro) as well as in the living organism (in 
vivo). Catalase exists in plant juice-and in blood. It brings about the 
rapid decomposition of hydrogen peroxide. Dextrose is fermented to 
give ethanol and carbon dioxide by the enzyme zymase which is present 
in yeast. The enzyme urease catalyzes the hydrolysis of urea, to give 
ammonium bicarbonate and ammonium hydroxide. 

Chain Reactions. The chain theory was first proposed by Boden- 
stein and by Nernst to account for the large yield obtained in the photo- 


* Bray and Livingston, J. Am. Chem. Soc., 45, 1251 (1923). 
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chemical combination of chlorine and hydrogen to give hydrochloric 
acid. The reaction appears to be as follows: 


Cl, + light = 2Cl 
Cl + H, = HCl+ H 
H + Cl, = HCl + Cl 
Cl + H, = HC! + H, etc. 


I 


l| 


This cycle continues in some cases until over a million molecules have 
reacted. The chains can be started by other means than light, for ex- 
ample, by bombardment with alpha particles from radium, or by re- 
action with traces of sodium vapor, or by a spark. 

One may ask why such a reaction ever stops. At times, as a matter of 
fact, the chain reaction does not stop until the material is consumed. 
At other times, however, the chain is broken when one of the activated 
molecules in the chain collides with the wall of the containing vessel or 
with foreign material which may be present as an impurity. 

Certain oxidations in the gas phase have been explained successfully 
on the basis of chain reactions.* The specific velocity of the reaction 
depends among other things on the size of the vessel, the pressure of the 
gases, and the temperature because these factors affect the frequency 
with which the chain-propagating molecules hit the wall. 

It is often difficult to distinguish a chain reaction from an ordinary 
reaction. Sometimes the presence of a chain mechanism can be estab- 
lished by determining that the number of molecules reacting is much 
larger than the number of molecules which are activated by the ad- 
dition of a measured quantity of energy in a photochemical reaction. 
Again the presence of a chain may sometimes be revealed by the ad- 
dition of retarding material called an inhibitor. Nitric oxide is an in- 
hibitor for certain reactions in the gas phase. 

If each molecule of the inhibitor stops a chain and each chain contains 
a great many molecules, it is obvious that mere traces of inhibitors are 
sufficient. For example, the oxidation of sodium sulfite by atmospheric 
oxygen is inhibited markedly by the addition of traces of alcohols. 
Lead tetraethyl in gasoline is another example of an inhibitor. Under 
certain conditions the chain reactions become too violent in a com- 
bustion engine, and a “carbon knock” is produced. A trace of the 
lead compound is sufficient to stop the chains and prevent the knock. 

Still another example of the use of inhibitors is found in the preserva- 
tion of gasoline. Certain unsaturated compounds in the gasoline tend 

* Semenoff, Chem. Rev., 6, 347 (1929). 
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to polymerize and form gums in the presence of air and light. Indo- 
phenol, e-naphthol and certain other oxidizable substances containing 
phenolic and aromatic amine groups are effective in inhibiting this re- 
action. Antioxidants are becoming important also in preserving foods. 

Free Radical Chains. In the decomposition of organic substances at 
high temperatures free radicals such as CH3, C2H;, OH, H, and Br are 
formed, and they may propagate chain reactions. There is adequate 
evidence in band spectra for the existence of these free radicals which 
violate the rules of classical valence theories. Again their presence is 
revealed by the chemical removal of thin metallic mirrors. They are 
short-lived not because they are unstable but because they are extremely 
reactive. With these free radicals it is possible to set up a series of chain 
reactions in such a way that the over-all reaction is first order or second 
order or fractional order; and it is possible that they may play an im- 
portant part in the mechanism of several reactions. 

For example, the thermal decomposition of a hydrocarbon, such as 
propane, may involve the initial breakdown into free radicals, thus: 


(1) C3Hs — CH; + CoH; 
(2) CHg + C3Hg — CHy + CH, 
(3) C3H7 — CHs + CoH, 


The CHs then continues as before: 
(2’) CHg + C3H¢8 =? CH, + C3Hz, ete. 


and the chain is propagated through a great many cycles until it is ended 
by a collision on the wall or by a combination of free radicals: 


(4) CHg + CsH7 — C4Hio 


Other reactions go on also, but these will illustrate the possibilities 
and explain how methane, ethylene, and butane can be obtained from 
the decomposition of propane. 
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PROBLEMS 


1. The following data were obtained for the inversion of cane sugar where a; is 
the reading of the polarimeter at time t: 


ap RO 10 20:72. AD 80 180 300 © 
a. -6.60 6.17... 6:79 5.00 3.7) 1,40, —0:24°~—1 98 


The reading a» corresponds to the completion of the reaction, and a; — a is a 
measure of the sucrose remaining at any time. The a. has a negative sign because 
the products, fructose and glucose, rotate polarized light in the opposite direction. 
Calculate k in reciprocal seconds (a) by formula; (b) by plotting log (a; — @..) against t. 
Ans. 8.6 X 107° second™}!. 
2. In a certain first-order reaction, half of the material is decomposed in 1000 
seconds. (a) How long will it be until only one-tenth is left? (6) How many seconds 
are required for the reaction to be 99 per cent completed? 
Ans. (a) 3322 seconds. (b) 6643 seconds. 
3. A certain substance A is mixed with equal quantities of substances B and C. 
At the end of 1000 seconds half of A has reacted. How much will be left unreacted 
at the end of 2000 seconds if the reaction with respect to A is (a) first order; (6) 
second order in which equal parts of A and B react; (c) third order in which equal 
parts of A, B and C react; (d) zero order? 
Ans. (a)_0.25. (6) 0.33. (c) 0.38. (d) 0.0. 
4. The following specific reaction rates were obtained by Wiig for the first-order 
decomposition of acetone dicarboxylic acid in aqueous solution: 


ty 0 20 40 60 
ko 10° 2.46 47.5 576 5480 


(a) Plot log k against 1/7’, and determine the energy of activation. 
(b) Evaluate the constant s in the equation, k = se *%e/%7, 
(c) What is the period of half-life of this reaction at 100°? 
Ans. (a) 23,200. (6) 9.1 x 108. (c) 0.30 second. 

5. Hydrogen is contained in a vessel at 1 mm pressure and 25°. Calculate (a) 
the number of collisions on the walls per second per square centimeter; (6) the number 
of collisions between molecules per second per cubic centimeter; (c) the mean free 
path. Ans. (a) 1.44 107. (6) 2.52 x 10%. (c) 0.0114 em. 

6. If a unimolecular reaction has an activation energy of 25,000 cal per mole 
and in the equation, k = ee eee , s has a value of 5 X 10, at what temperature 
will the reaction have a half-life of (a) 1 minute; (6) 1 month of 30 days? 

Ans. (a) 76°. (b) —4°. 


7. From the following data on the rate of the rearrangement of 1-cyclohexeny] 
allylmalonitrile at 135.7°, determine graphically the first-order reaction-rate constant 
in reciprocal minutes. Check the graphical evaluation by calculating k from two 
different times. 


Time (minutes) 0 5 10 20 30 45 
Per cent rearranged 19.8 34.2 46.7 64.7 77.0 86.3 
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8. Prove that in a first-order reaction, where dn/dt = —kn, the average life, that 
is, the average life expectancy of the molecules, is equal to 1/k. 

9. The reaction, CH3CH2NOz + OH~ — HO + CH3CH = NO¢7 is of second 
order, and k at 0° is 39.1 (mole/liter)~! minute—!. An aqueous solution is made 
0.004 molar in nitroethane and 0.005 molar in NaOH. How long will it take for 
90 per cent of the nitroethane to react? 

10. A second-order reaction where a@ = b is 20 per cent completed in 500 seconds. 
How long will it take for the reaction to go to 50 per cent completion? 
11. Show that the formulas, 


2.303 
b= log 2 
te — ty ) 
2.303 C 2.303 
= log S and k= log se , etc 
ig — 19 C3 ts — be 


cannot be used for getting an average value of k by adding up k’s from successive 
pairs of data and dividing by the number of k’s taken. 

12. Calculate the number of days required for 10 per cent of a mass of gaseous 
nitrogen pentoxide to decompose at —10° C. 

13. The trichloroacetate ion in hydrogen-containing ionizing solvents decomposes 
into carbon dioxide and chloroform according to the reaction: 


Ht + CCl;COO~ — CO». + CHCl; 


The unimolecular breaking of the carbon-carbon bond in the trichloroacetate ion 
is probably the rate-determining step. The reaction is first order, and the specific 
rate constants are kgge = 3.11 X 107+, kgoe = 7.62 X 10~, and kyoo = 1.71 X 107> 
second‘. (a) Calculate the activation energy and (6) the specific rate constant at 
60°. The experimentally determined value of k at 60° is 3.48 X 10~°. 

14. Calculate (a) the mean free path and (6) the number of collisions against the 
wall when 1 g of iodine is placed in a previously evacuated 2-liter spherical flask and 
heated to 100°. 


15. The reaction, 
Ge(CeoHs)4 (g) — Ge (s) + 4CoHs 


has been studied by Geddes and Mack. The reaction is nearly independent of wall 

effects. The ethyl radicals combine to give a mixture of hydrocarbons with a higher 

pressure than the original germanium tetraethyl which they replace. The rate of 

the reaction can be calculated approximately from the rate of the pressure increase. 
(a) Calculate k from the following data at 440.9°. 


Time (seconds) X 107? 0 23.1 38.4 56.6 75.9 93.6 00 
Total pressure (mm) 307 378 456 546 626 686 1079 


(b) Calculate the activation energy and the frequency factor from the data of 
(a) and the additional data that k = 0.00050 at 431.1° and k = 0.00024 at 419.1°. 

16. The velocity constant & for the third-order reaction expressed in moles per 
liter per second for the reaction, 


2NO + O2 — 2NO2 


at 600° K is 6.63 < 10°; at 645° K it is 6.52 X 10°. For the reverse second-order 
reaction, k is 83.9 and 407 at these two temperatures. 
(a) Calculate the equilibrium constants at the two temperatures. 
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(b) Calculate AE act, for the forward and the reverse reactions. 
(c) Calculate AE for the reaction, that is, the heat of reaction at constant volume. 


17. A stream of air at 10 liters per minute, measured at 25° and 1 atm pressure, 
is passing through a catalyst tube which is 4 cm in diameter and 100 cm long, main- 
tained throughout at 800°. Half the volume of the chamber is occupied by solid 
material. Approximately how many seconds does a given molecule remain in the 
catalyst chamber, if it is assumed that the gas reaches the temperature of the chamber 
800° instantly? 

18. In the saponification of ethyl acetate by sodium hydroxide at 10°, y ml of 0.056 
molar hydrochloric acid was required to neutralize 100 ml of the reaction mixture, 
t minutes after the commencement of the reaction. 


t 0 4.89 10.37 28.18 ce) 
y 47 .65 38.92 32.62 22.58 11.48 


Calculate the specific reaction-rate constant k, expressing the concentration in moles 
per liter and ¢ in seconds. 
19. The specific reaction rate k for the reaction, 


2NO + O2 > 2NOz 


has a value of 7.1 X 10° mole~? ml? second! at 25°. Air blown through a certain 
hot chamber and cooled quickly to 25° and 760 mm contains 1 per cent by volume 
of nitric oxide and 20 per cent of oxygen. (a) How long will it take for 90 per cent 
of this nitric oxide NO to be converted into nitrogen dioxide NO2g (or NeQz)? (8) 
If the gases are blown through at the rate of 5000 cu ft per minute, how large a 
chamber must be constructed in order to Se: is 90 per cent conversion? 


20. Referring to Fig. 94 in which A EBs “= C, prove mathematically that, 


regardless of the value of ki, Cz and C¢ will ee ihe values 1/3 and 2/3 when the 
reaction is completed if ke is twice as large as ks. 

21. The reaction 2NO + Og — 2NOz2 follows the third-order law. Assuming 
that a small amount of N2O2 exists in rapid reversible equilibrium with 2NO, and 
that the rate-governing step is the slow bimolecular reaction N20. + O2 — 2NOn, 
show that the reaction will nevertheless appear to be third arder. 

22. The decomposition of ethyl bromide is a first-order reaction with an activation 
energy of 54,800 cal. Estimate the temperature at which (a) ethyl bromide decom- 
poses at the rate of 40 of 1 per cent per second and (b) the decomposition is 90 per 
cent complete in 1 hour. s = 3.8 x 10“. 

23. The rate of the rearrangement of 1-ethyl propenyl allyl malonitrile can be 
followed by measuring the refractive index. The reaction is 


CoHs CoH; 
CH;CH=C CH3;—CH—C=C(CN)e 
SON: | 
C3Hs C3Hs5 
1- Ethyl propenyl (1-Ethyl-2-methyi-4- 
allylmalonitrile pentenylidene)-malonitrile 


The following first-order constants were obtained: 


Temperature 120.0° 130.0° 140.0° 
k X 104 4.02 9.12 19.83 


PROBLEMS 393 


(a) What is the energy of activation? 

(b) What is the frequency factor at 130.0°? 

(c) What is the entropy of activation at 130.0°? 

(d) Would you expect these three quantities calculated in (a), (6), and (c) to be 
practically the same at 120° and 140°? 

24. In the reaction, 


k 
No +O» = 2NO 


dx L x 
sane oy fe aed ee \etee 
dt in ( 5) | pee 


where 6 is the original concentration of Ne, ¢ is the original concentration of Os, 
and x is the concentration of NO formed. 

Values of the equilibrium constant K are given in Table V on page 281, where the 
concentrations are expressed in partial pressures in atmosphere. An estimate has 
been made of kg based on the Hirschfelder rule and on some experimental data 
according to which 

ke = 1 X 109 e7 79°/RT atm—! second! 


(a) Calculate ky at 2400° K and 1900° K. 

(b) Calculate the time required for nitric oxide at 0.02 atm to undergo 10 per cent 
decomposition at 2400° K and at 1900° K, using ke and neglecting ky. 

25. Which of these two reactions is the more likely with chlorine atoms, (a) giving 
a free radical or (b) giving a hydrogen atom. 


R R 

ayn RC—H + Cl = RC + HCl 
R R 
R R 

(b) RC—H + Cl = RCCl + H 
R R 


From a knowledge of the energies of dissociation or formation of the C-H, H-Cl 
and C-Cl bonds one can estimate the heat of reaction. As a rough approximation 
the entropy change may be disregarded and the sign and magnitude of the heat of 
reaction taken approximately as an indication of the free-energy change in the 
reactions. Those reactions which are highly endothermic wiil probably have a 
positive value of AF and will not be possible from a thermodynamic standpoint. 
They can then be ruled out in favor of a reaction which is highly exothermic and, 
therefore, likely to have a negative value of AF. 

26. The thermal decomposition of gaseous acetaldehyde is a second-order reac- 
tion. The value of AH, is 45,500 cal per mole, and the molecular diameter of the 
acetaldehyde molecule is 5 X 107% em. (a) Calculate the number of molecules 
reacting per milliliter per second at 800° K and 760 mm pressure, and compare 
with the observed value 7.3 X 101% (6) Calculate k in moles per liter per second 
(k = —1/c? de/dt). 

27. The energy of activation for the reaction, CgHs;Br — CH, + HBr, is 55,000 
cal per mole. From this fact and Table III on page 134 show that the primary 
step in the dissociation cannot be the splitting off of a hydrogen atom nor a CH3 
group but that it can involve the splitting off of an HBr molecule, or (considering the 
inaccuracy of the data) that it can involve the splitting off of a bromine atom. 
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28. Solve the following differential equation for k: 


daz 
— =k(a — z)(b —a)(c — a) 
dt 
29. Given the consecutive unimolecular reactions: 
3 Y 
e=015" B baat C 


plot curves which give the concentrations of A, B, and C as a function of time. 

30. Carry out the integrations, and calculate the concentrations of A, B, and C 

shown in Fig. 94 for the three first-order reactions given by A nes B 2 (ef 
3 

31. Oxygen containing a few per cent of ozone is heated slowly from room tem- 
perature to 2500°. Explain any changes in the concentration of ozone which you 
would expect to find. 

32. The recombination of free radicals requires very little activation energy. 
Give arguments then for the suggestion that the activation energy for an endothermic 
breaking of bonds to give radicals, such as a reaction C2H;Br — CoH; + Br, is 
about equal to the endothermic heat required to break the bonds. 

33. A 3-liter container is filled with air at atmospheric pressure. In order to 
replace the air with carbon dioxide, the carbon dioxide is allowed to enter one end of 
the container at a rate of 2 liters a minute, and gas is allowed to escape from the other 
end at the same rate. If instant mixing of the gases is assumed, when will the partial 
pressure of oxygen be reduced to 0.01 mm? 

34. In Problem 24 the recombination of nitrogen and oxygen was neglected. If 
the 2.00 per cent nitric oxide is mixed with 80 per cent nitrogen and 18 per cent 
oxygen, as it is if the nitric oxide is produced in air, the recombination should not 
be neglected. Using the notation of Problem 24 show that 


t x dz 
ia { at =f : 
0 0 K 


~ 1-T)2+5+ox+ Kb 
OY RAGES: : 


Integrate this expression, and suggest how simplifying assumptions may render 
more practical the calculations of the concentrations of nitric oxide at various time 
intervals. : 

35. Propellants of nitrocellulose burn very rapidly inward from the surface—at a 
rate of the order of 1 linear cm per second at atmospheric pressure. There are roughly 
108 nitrogen atoms per linear centimeter. Parts of the molecule probably break off 
at the surface and combine in the gas phase giving a flaming envelope around the 
surface which raises the surface to a high temperature. The higher the pressure, 
the faster is the reaction and the higher is the temperature. 

Assuming that the primary reaction at the surface is a unimolecular bond-breaking 
process at 1000° with an activation energy of 46,000 cal per mole of N, calculate 
the specific reaction rate k defined by the expression, 


dn k 

= = hep 

dt 
where dn/dt is the number of molecules decomposing per second and n is the number 


of molecules at the surface which are potentially decomposable. Show how this 
expression can then be used to estimate the linear rate of burning. 


CHAPTER XV 
ELECTRIC CONDUCTANCE 


Historical Introduction. Although early observations pointed to the 
probability of the existence of some relation between chemical and 
electrical phenomena, it was not until the beginning of the nineteenth 
century that the discovery by Volta of a means of obtaining electric 
energy from chemical energy gave the initial impulse to all the inves- 
tigations on which modern electrochemistry is based. Volta prepared a 
series of zinc and silver disks, arranged them alternately with paper 
soaked in salt water between them, and thus made a source of electricity 
available for experimentation. 

In 1800 Nicholson and Carlisle decomposed water by electrolysis, and 
Davy isolated alkali metals by means of an electric current. From his 
experiments Davy formulated an electrochemical theory, but this was 
soon superseded by the theories of Berzelius that every atom has both 
negative and positive charges, that the behavior of the atom is deter- 
mined by the kind of electricity which is in excess, and that chemical 
attraction is between oppositely charged atoms. Berzelius’ theories 
were, in turn, superseded. It was difficult to explain how negative 
chlorine atoms combine with each other to give chlorine molecules or 
how two positive hydrogen atoms combine to form hydrogen. It re- 
mained for recent theories of atomic structure to offer an explanation. 

The importance of electric charges in inorganic compounds and in 
solutions of electrolytes has been fully recognized since physical chem- 
istry became a separate branch of chemistry in the late 1880’s. The 
important part played by electric interaction among neutral molecules 
in organic chemistry has been realized however only during the past 
quarter century. The dipole moment, the concept of the electronic 
pair, the electron theory of valence and the explanation of electrolysis 
and oxidation and reduction through the transfer of electrons are all 
comparatively recent developments which have contributed much to 
the advancement of science. The quantitative relations between elec- 
tricity and chemical change are discussed in the three chapters which 


follow. 
395 


396 ELECTRIC CONDUCTANCE 


Electrical Units. According to Ohm’s law discovered in 1827, 
I= — (1) 


where J is the current in amperes, E is the difference in voltage applied 
or the voltage, and F is the resistance in ohms. 

The international ohm is defined as the electrical resistance equal to 
that of a column of pure mercury at 0° 106.300 cm in length and of such 
constant cross section that the column contains 14.4521 g of mercury. 

The international ampere is defined as that current which under spec- — 
ified standard conditions will deposit 0.001118 g of silver per second 
from a solution of silver nitrate. 

The coulomb of electricity is that quantity of electricity which passes 
a given cross section of a conductor in 1 second while a current of 1 
ampere is flowing. 

The volt is the potential difference which causes a current of 1 ampere 
to flow through a conductor which has a resistance of 1 international 
ohm. 

Electric energy is the product of an intensity factor, voltage, and a 
quantity factor, coulombs, as pointed out on page 100. Thus 


Electric energy in joules = volts X coulombs 


Electric energy may also be divided into a power factor, the watt, or 
volt-ampere, and a time factor, the second. One watt-second is 1 volt x 
l ampere X 1 second, or 1 joule. One kilowatt-hour is equal to 3,600,000 
joules. The ereanel calorie’ is now defined in poe chemin as 
4.1840 absolute joules.* 

In addition to these practical units there are the electrostatic units, 
esu, and the electromagnetic units, emu. If two equal charges 1 cm 
apart in a vacuum repel each other with a force of 1 dyne, each charge 
is equivalent to 1 electrostatic unit. The electromagnetic unit of cur- 
rent is a current such that when it flows through a conductor 1 em long 
bent in an are of 1 cm radius, the force on a unit magnetic pole at the 
center of the circle will be 1 dyne. 

Starting January 1, 1948, the U. 8. Bureau of Standards recommended, 
in accordance with international agreement, the absolute units which 
differ slightly from the international values that had been used hereto- 
fore. New precision instruments will be calibrated in terms of the 


* Formerly it was defined as 4.1833 international joules which is equal to 4.1840 
absolute joules. 
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newly adopted values and will be marked “abs.” The changes are too 
small to consider in most practical laboratory work.* 

Electric Conductance. There are two different types of electric 
conductance: metallic conduction as, for example, in a copper wire, and 
electrolytic conductance as, for example, in a solution of salt in water. 
In metallic conduction the electricity appears to be a stream of elec- 
trons flowing toward the positive terminal. In electrolytic conductance 
electricity is carried in solution by ions. Positive ions move toward the 
negative electrode, and negative ions move toward the positive electrode, 
and both share in carrying the current. In metallic conduction there is 
no change in the chemical properties of the conductor, but in electrolytic 
conductance, chemical reactions are produced at the electrodes, and 
matter is transported to the electrodes. 

Both types of electric conductance involve the generation of more 
or less heat, depending on the electric resistance of the system. Asa 
general rule the metallic conductors become less conducting at high 
temperatures, whereas the electrolytic conductors become more con- 
ducting. In the former case, the electrons find it more difficult to pass 
through the erystal lattice when the units of the lattice are in thermal 
agitation; and, in the latter case, the ions can move through the solu- 
tion more readily, because the viscosity is less, and the solvation of the 
ions is less. Jn some cases the number of ion carriers is changed by an 
increase in temperature. 

Electricity may be carried by electrons across an evacuated space as 
in an ordinary electron or radio tube. The electrons are emitted by a 
heated wire and drawn to a positively charged plate. Electricity may 
be carried also by means of gas ions, as in an electrical discharge. The 
gas ions are charged positively or negatively, and they move in a manner 
somewhat analogous to the movement of electrolytic ions. There are 
several points of difference, however. The gas ions may have several 
different charges, and there is little connection between the valence and 
the charge, whereas in electrolytic ions the charge is closely connected 


* The new values given in circular of the National Bureau of Standards C 459 are 


as follows: 
International Standards Absolute Values 
1 ohm 1.000495 absolute ohm 
1 volt 1.000330 absolute volt 
1 ampere 0.999835 absolute ampere 
1 coulomb 0.999835 absolute coulomb 
1 joule 1.000165 absolute joule 


Formerly the international joule was considered as equal to 1.00020 absolute joules. 
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with the valence. The electrolytic ions are present before the electrodes 
are charged, the large energy required for ionization being supplied from 
the solvation of the ions. Most of the gas ions, however, are produced 
only after the electrodes are charged, the energy required for ionization 
being supplied by collisions of charged particles in the electric field. It 
is necessary to have a few gas ions to start with, but these are always 
present as a result of cosmic rays and traces of radioactive materials. 

Electrical resistance is directly proportional to the length of the 
conductor and inversely proportional to its cross section. The specific 
electrical resistance (the resistance of a cube 1 cm on an edge) of various 
materials is given for the sake of comparison in Table I. 


TABLE I 


ELEcTRICAL RESISTANCE OF TYPICAL CONDUCTORS 


Material Temperature PCa aes? 
ohm-cm 

Silver 0° 1.468 x 10~* 
Copper 0° 1.561 X 107° 
Aluminum 0° 2. 564.9¢ 107° 
Tron 0° 9.070 x 10-6 
Lead 0° 20.480 X 10-6 
Mercury 0° 95.85 x 10-* 
Fused NaNOs3 500° 0.568 
Fused ZnCl 500° 11.93 
1M KCl 25° 8.93 
0.001 M KCl 25° 6,810 
1 M acetic acid 18° 157.5 
0.001 M acetic acid 18° 24,400 
Water 18° 2.5 x08 
Xylene 25° 7 << Ie 


In the neighborhood of absolute zero the resistance of metals becomes 
extremely low. The specific resistance of mercury at 3° K, for example, 
is less than 107° ohm. 

Measurement of Conductance of Solutions. In the Wheatstone 
bridge shown in Fig. 100, C is the cell containing the solution whose re- 
sistance is to be measured, and R is a resistance box. The resistance coil 
at ab is adjusted by rotating contacts so as to change the ratio ad/bd by 
multiples of ten. The resistance R is changed by turning dials which 
make contact with a varying number of coils of resistance wires. 


’ 
. 
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Alternating current of about a thousand cycles, which gives a high 
mosquito-like noise in the telephone T is generated at A. A better type 
of cell for precision measurements is shown in the lower right-hand 
corner. Cells with long paths are better for concentrated solutions, and 
those with short paths are better 
for dilute solutions. 

Alternating current is necessary 
to prevent complications at the 
electrodes. Direct current pro- 
duces gas bubbles on the elec- 
trodes which greatly increase the 
resistance, and the current changes 
the concentration of electrolytes 
in the neighborhood of the elec- 
trodes. If the alternating current 
is not of a pure sine-wave type 
with positive and negative poten- 
tials exactly offsetting each other, 
it is necessary to platinize the 
electrodes. This coating adsorbs 
the gases and catalyzes their re- 
action. The current may be gen- 
erated with an electrically driven 
tuning fork or, better, with an 
oscillating circuit composed of 
radio tubes with proper capacities 
and inductances. 

In making a measurement of the unknown resistance C, the known 
resistance & and the resistance ratio ad and bd are adjusted until the 
sound in the telephone is barely audible, that is, the sound is at a min- 
imum. Then the two terminals of the telephone are at the same po- 
tential, and the potential drop E across the different parts of the bridge 
must be such that Eg = Ep and Ega = Epa. Moreover, since the drop 
in potential E is equal to the current 7 multiplied by the resistance 


Ie = IpR and T,qad = TIyabd 


A 


Fie. 100. Wheatstone bridge and cell for 
determining the electric conductance of 
solutions. 


Dividing the first equation by the second gives 
oC tek 


Ih aqad a If badd 


Furthermore, Jp = Jpg and I¢ = Iaa, since the current flowing through 
the two resistances in series must be the same in each resistance when 


(2) 
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no current flows through the telephone. Then canceling out these 
equalities in equation 2, we have 


I 


or 


I 


fils &|a 


(3) 


eh seat oS 


This is the fundamental formula for the use of the Wheatstone bridge. 
In modern bridges the ratio ad/bd is arranged to give only 0.01, 0.1, 1, 
10, 100, etc., so that no numerical calculations are necessary. 

Specific and Equivalent Conductance. The specific resistance of an 
electrolyte may be defined as the resistance in ohms of a column of 
solution 1 cm long and 1 sq em in cross section. The specific conduct- 
ance L is the reciprocal of the specific resistance. It is expressed in 
reciprocal ohms, sometimes called mhos. The units of specific conduct- 
ance are ohm! cm". 

The equivalent conductance A is obtained by multiplying the specific 
conductance L by the volume V in milliliters* which contains 1 gram 
equivalent of solute, that is, by 1000/c where c is the number of gram 
equivalents per liter. 


1000L . 
Meare em® equiv’? ohm~! em7+ 
C 
1000L : 
= ——— = cm? equiv ! ohm! * (4) 
€ 


These relations may be illustrated by imagining a cell 1 em square 
and indefinitely high. Two opposite walls are of conducting metal which 
act as electrodes. When the cell is filled to a height of 1 cm, the con- 
ductance measured is the specific conductance. When the cell is filled 
with a given volume V of solution which contains 1 gram equivalent of 
a dissolved electrolyte, the solution will stand V centimeters high in the 
cell, and the conductance measured under these conditions will be the 
equivalent conductance. 

The term molar conductance is defined as in equation 4 except that the 
concentration is given in moles per liter instead of gram equivalents 
per liter. 

In determining specific resistance it would be troublesome to prepare 
a cell having electrodes exactly 1 cm? in area and exactly 1 em apart. 


* There is a slight inaccuracy here involving the small difference between ml and 
em®, In electric-conductance measurements, the cubic centimeter is often used in 


preference to the milliliter. 


— 


a 
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However, it is not necessary to do this, because it is possible to deter- 
mine a factor, called the cel) constant. The cell constant of any cell is 
determined experimentally with a standard solution of known specific 
conductance. Measurements on any other solution may then be con- 
verted directly into specific conductances. A 0.0200-molar solution of 
potassium chloride is generally used for the determination of the cell 
constant. It has the following specific conductances: 


Dyg° = 0.002394 and Log50 = 0.002768 ohm! cm * 


If r is the resistance of the cell, when filled with 0.0200 molar potassium 
chloride, 1/r is the conductance, and the specific conductance L is equal 
to k(1/r), where k is the proportionality constant or cell constant, which 
converts conductance, as measured in a given cell, into specific con- 
ductance. 


ae k = Lr (5) 
When a cell is filled with 0.0200-molar potassium chloride at 25°, 
k = 0.002768r 


When the cell constant k has been determined, the specific conductance 
of any solution is obtained from the measured resistance r by the rela- 
tion, 


L=- (6) 


Example 1. When a certain conductance cell was filled with 0.02 M KCl, it 
had a resistance of 82.4 ohms at 25° as measured with a Wheatstone bridge; 
and, when filled with 0.0050 N K2SOg, it had a resistance of 326 ohms. 

(a) What is the cell constant? : 


k = 0.002768 X 82.4 = 0.2281 


(b) What is the specific conductance L of the potassium sulfate solution? 


k 0.2281 
eepeeag Se 0.0006997 


(c) What is the equivalent conductance? 


1000 _ 0.6997 
0.0050 


* The data of Jones and Bradshaw, J. Am. Chem. Soc., 65, 1780 (1933) are often 
taken as the standard for exact work in electrolytic conductance. When 0.745263 g 
of pure potassium chloride is weighed out into pure water to give 1000 g of solution 
(corrected to vacuum), the specific conductances are as follows: 0°, 0.0007736; 18°, 
0.0012205; 25°, 0.0014087 ohm. This solution contains 0.01 mole per cubic deci- 
meter (which differs very slightly from a liter). 


A = 0.0006997 x = 139.9 cm? equiv! ohm! 
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Conductance of Different Electrolytes. Table II gives the specific 
and equivalent conductances of aqueous solutions of potassium chlo- 
ride at 25°. 

TABLE II 


CoNnDUCTANCE OF PoTASSIUM CHLORIDE AT 25° 


Equivalents Dilution, Specific Equivalent 
per liter ml per Equivalent, | Conductance, | Conductance, 
c V L A 
il 1,000 0.1119 111.9 
0.1 10,000 0.01289 128.9 
0.01 100 , 000 0.001413 141.3 
0.001 10° 0 .0001469 146.9 
0.0001 10’ 0.00001489 148.9 


It may be observed that, when the volume is increased tenfold and the 
number of equivalents per milliliter is decreased to one tenth, the specific 
conductance decreases nearly but not quite to one-tenth its value. The 
equivalent conductance, on the other hand, changes only slightly but 
does increase and approach a limiting value at greater dilutions. 

In very dilute solutions of potassium chloride there is no appreciable 
change in equivalent conductance when the solution is diluted with an 
equal volume of water. Although the volume is doubled and the number 
of ions per milliliter is halved, the total number of ion carriers between 
the tall electrodes is still the same. In more concentrated solutions of 
potassium chloride, however, the equivalent conductance increases on 
dilution, because the ions move faster when they are farther apart and 
are not held back by the ions of opposite charge which they tend to drag 
along. 

In solutions of acetic acid the situation is quite different, and the 
equivalent conductance increases markedly on dilution, because the 
solute dissociates more at the greater dilution giving a considerable 
increase in the total number of ions, that is, the number of the carriers 
of electricity. 

Electrolytes may be divided into two general classes: the strong elec- 
trolytes, such as potassium chloride, with high conductances and slight 
increases on dilution; and weak electrolytes, such as acetiv acid, with low 
conductances and larger increases in conductance on dilution. In gen- 
eral, the strong electrolytes include many inorganic acids such as hydro- 
chloric and sulfuric acid, most salts, and the alkaline hydroxides. The 


o> — 


a 
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weak electrolytes, on the other hand, include the carboxylic acids and 
many organic acids and bases. There are of course a great many elec- 
trolytes which fall between these two extremes and have properties inter- 
mediate between strong electrolytes and weak electrolytes. 

Table III gives the equivalent conductances of several typical elec- 
trolytes, from normal down to so-called ‘‘zero”’ concentration. For these 


TABLE Iii 


EQuIVALENT ConDUCTANCES OF ELECTROLYTES AT 25° 


Equiva- 
lent f 
eg e Naci | KCl | HCl | NaOH| AgNO; | CaCl2 | LaCls | NaC2H302 | HC2H3021 
WW) 
0.0000 | 126.5 | 149.9 | 4296.1 | 248 | 133.4 | 135.8 | 145.9 91.0 (390.7) 
0.0005 | 124.5 | 147.8 422.7 | 246 | 131.4 | 131.9 | 139.6 89.2 67.7 
0.001 123.7 | 146.9 | 421.4 | 245 | 130.5 | 130.4 | 137.0 88.5 49.2 
0.005 120.6 | 143.5 | 415.8 | 240 | 127.2 | 124.2 | 127.5 85.7 22.9 
0.01 118.5 | 141.3 | 412.0 | 237 | 124.8 | 120.4 | 121.8 83.8 16.3 
0.02 115.8 | 138.3] 407.2 | 233 | 121.4 | 115.6 | 115.3 81.2 11.6 
0.05 111.1 | 133.4 | 399.1 | 227 | 115.2 | 108.5 | 106.2 76.9 7.4 
0.10 106.7 | 129.0 | 391.3 | 221 | 109.1 | 102.5] 99.1 72-81 1 5.2 


1 Acetic acid is a weak electrolyte, and the conductance at infinite dilution is obtained by indirect 
methods. All the other electrolytes given in the table are strong electrolytes. 


electrolytes it may be observed that the equivalent conductance in- 
creases with the dilution of the solution until a limiting value Ao is 
reached. It is important to bear in mind that, although Ag is frequently 
referred to as the conductance at infinite dilution, it is by no means iden- 
tical with the conductance of the pure solvent. In fact it Is necessary 
in accurate work, particularly at low concentrations, to subtract the 
conductance of the solvent from that of the solution in order to obtain 
the conductance due to the electrolyte. Thus, 


Liohite = Eachation a Le cclvent (7) 


The purest water has a specific resistance of about 20 million ohms, 
but it is difficult to obtain water with much over a million ohms specific 
resistance because of the absorption of carbon dioxide and other gases 
from the atmosphere and of alkali and other electrolytes from the glass- 
containing vessel. Ordinary distilled water in equilibrium with air has 
a specific resistance of only about 100,000 ohms. 

Conductance data are shown graphically in Fig. 101, where it may be 
noted that the equivalent conductance of the strong electrolytes such as 
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hydrochloric acid reaches a limiting value at the higher dilutions. The 
weak electrolytes, such as acetic acid, however, do not reach such a limit- 
ing value within regions which can 
be studied experimentally. Below 
concentrations of 0.0001 molar the , 
conductance of the solvent itself be- | 
: 


Hydrochloric Acid 


§ 
Ss 


wo 
Ss 


comes relatively large, and traces 
of carbon dioxide or ammonia from 
the air, or alkali from the glass, in- 


TS) 
s 


troduce large errors. 
When the equivalent conduct- 
ees Seite ance of strong electrolytes is plotted 
oot quo 0000 oo ~—«Bainst the square root of the con- 
Volume in Liters containing One Gram Equivalent centration, the line is nearly straight 
Fig. 101. Equivalent conductance of a at the low concentrations as shown 
weak electrolyte, acetic acid, andastrong : : : er 
’ ? in Fig. 102. Ext S 
electrolyte, hydrochloric acid, at different li 8 infin} ee eh Poe 
Aaletiones! ne to infinite dilution gives an ac- 
curate value of Ap. A weak electro- 
lyte, on the other hand, gives steep curves which can be extrapolated to in- 
finite dilution only with great difficulties and inaccuracies. Values at 
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Fig. 102. Equivalent conductance of typical electrolytes plotted against the square 
root of the concentrations. 
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infinite dilution must be determined indirectly, as shown on page 416. 
This equivalent conductance at infinite dilution is important in calculat- 
ing the degree of dissociation of a weak electrolyte, as indicated on page 
484. 

The equivalent conductance of electrolytes increases with temperature 
owing to the increased mobility. Typical of this temperature effect are 
the conductances of potassium chloride and silver nitrate shown in 
Table IV. 

TABLE IV 


EQuIVALENT CoNDUCTANCES IN WATER AT DIFFERENT TEMPERATURES 


Solute | Concentration 0° 18° 100° 140° | 156° | 218° | 306° 
KCl 0.08N eS alte sae Bids | ZS coe I one 720 
KCl 0.002N 79.6 126.3 393 Aa |e eee (OOS 
AgNO3 0.08N forget 96.5 294 ... | 482 | 552 | 604 


Electrolysis. Thus far we have considered some of the factors in- 
volved in the conductance of solutions due to the movement of elec- 
trically charged ions when two charged electrodes are placed in a solu- 
tion of theions. Before proceeding further, we must examine the changes 
which take place at the electrodes while the ions are carrying the cur- 
rent. 

The two conducting pieces of metal, which serve as electrodes, dip 
into the solution of electrolyte and are charged negatively and pos- 
itively by being connected to a dynamo or an electric battery. Units of 
electricity, the negative electrons, are drawn by the dynamo from one 
electrode and fed into the other. If a battery is used, the chemical re- 
actions of the battery remove electrons from one electrode and supply 
them to the other electrode. The electrode to which the extra electrons 
are fed becomes negatively charged and attracts the positive ions. This 
negative electrode through which negative electrons are fed into the 
electrolytic solution is called the cathode, and the positive ions which 
migrate to it and remove the electrons are called cations. The other 
electrode is positively charged, and it attracts the negative ions and re- 
moves their electrons. It is called the anode, and the ions which move 
toward it are called anions. At the anode a stream of electrons is dis- 
charged from the negative ions in the solution to the electrode and, 
thence, into the electric circuit. 
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The removal or addition of electrons is a matter of the utmost im- 
portance, not only in electrolysis but also in many chemical reactions. 
The removal of electrons is oxidation. It occurs at the anode. 
The addition of electrons is reduction. It occurs at the cathode. 
Thus, in electrolysis, ferric ions are reduced to ferrous ions at the 
cathode: 
Fett++ 4 ¢ = Fett | 


and ferrous ions are oxidized to ferric ions at the anode: 
Fett = Fei tt 6 


Usually there are several different kinds of ions around each electrode 
competing for electrons at the cathode and competing for an opportunity 
to give up electrons at the anode. Furthermore, it is quite likely that 
one or more secondary reactions will follow the primary electrode re- 
action in which there is a transfer of an electron. Some chemical ex- 
perience is necessary in order to predict what will happen. For example, 
if chlorine is liberated in an alkaline solution, hypochlorite or chlorate 
may be formed. If chlorine is liberated on a silver anode, silver chloride 
is formed. 

If a copper anode is used in the electrolysis of a solution of cupric 
chloride, the copper will simply go into solution and take the place of the 
copper which goes out of solution at the cathode. If a platinum anode 
is used, the platinum cannot go into solution, and oxygen is liberated 
from the water. When several different ions are competing for the trans- 
fer of an electron, several possibilities occur, depending on the con- 
centration and on the energies involved. If there are no easily reducible 
cations around the cathode, hydrogen will be produced from the hy- 
drogen ions of water leaving an excess of hydroxyl ions, and, if there are 
no easily oxidizable anions around the anode, the hydroxyl ions will be 
removed with the formation of oxygen. Under certain conditions these 
reactions lead to an alkaline reaction at the cathode and an acid re- 
action at the anode, thus explaining the common litmus paper test used 
to determine whether a given electrode is positive or negative. Litmus 
turns blue at the cathode due to the alkaline reaction and it turns red 
at the anode. 

In Table V are listed several reactions which are typical of the mech- 
anisms by which changes take place during electrolysis. The electron 
is designated by e. 

These changes occur when direct current is passed in the same direction 
from one electrode to the other through the cell. When the direction of 
the current is reversed rapidly, that is, 60 times per second, the products 
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given by these reactions do not have a chance to accumulate before they 
are removed again. In experiments dealing with the conductance of the 
solution, alternating current is generally used in order to eliminate ° 
chemical reactions at the electredes which change the resistance of the 
cell as a whole. In experiments dealing with electrolysis at the electrodes 
it is obviously necessary to use direct current. 


TABLE V 


TYPICAL ELECTROLYSIS REACTIONS 


- Electrolyte | Electrodes Cathode Reaction Anode Reaction 
H20 Platinum | Ht + e = $He OH- — e = 402 + 4H20 
AgNO3 Silver Agt + e=Ag Ag —e=Agt 
AgNOs Platinum. Agt + e=Ag OH- — ¢ = {02 + 4H20 
Feo(SOx)3 Platinum Fettt + ¢ = Fett OH- — e = 402 + 4H20 
FeSO, Platinum Ht + e= 4He Fet* —e = Fettt 
Nal Platinum He + e= 4H, Tipe —e= 4, 
Nal Silver IeL + e= 4H, I> =@ = Adi 
PbCle Platinum | Pht+ + 2 = Pb ee eee 
OH- —e = 402 + $H20 


Faraday’s Law. Faraday studied these phenomena of electrolysis 
with clear insight and announced in 1834 that for the same electrolyte 
the weight of material reacting in electrolysis is proportional to the 
quantity of electricity flowing; and that for a given quantity of elec- 
tricity the weights of different substances liberated are proportional to 
the weights of their chemical equivalents. 

Faraday’s law may now be stated as follows: 

In electrolysis, 96,500 coulombs of electricity produce a chemical change 
of 1 gram-equivalent. For example, 96,500 coulombs (or ampere-seconds) 
will liberate 1.0080 g of hydrogen, and it will deposit from solution 
107.88 g of silver, 63.54/2 g of copper from cupric salts, and 197.2/3 g 
of gold from auric solutions. The name faraday and the symbol F are 
given to this important quantity of electricity. 

This law is one of the most exact laws in physical chemistry; it has 
been found to hold at low and high temperatures, in dilute and con- 
centrated solutions, at various pressures and in different solvents. When 
the law does not appear to hold, it can usually be shown that secondary 
chemical reactions are obscuring the primary electron-transferring re- 
action at the electrode to which the law is intended to apply. 
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Faraday’s law can be clearly understood with the help of the hy-. 
pothesis that atoms are composed of positive nuclei surrounded by 
negative electrons. When an electron is removed from an atom, the 
remaining ion is positively charged. When an extra electron becomes at- 
tached to an atom, a negative ion is produced. If the ions are bivalent, , 
two electrons are involved. 

When cupric chloride is dissolved in water, each of the two chloride. 
ions holds an extra electron obtained originally from a copper atom 
which then becomes a divalent positive ion. Every time two electrons | 
are supplied to the cathode, they become attached to one of the cupric) 
ions which happens to be in contact with the cathode; an atom of copper 
is formed by the addition of two electrons to the cupric ion, which then 
deposits on the electrode. For every electron supplied to the cathode, 
one electron is withdrawn from the anode, and so it is obvious that the 
same amount of electrochemical action must occur at each electrode. 
At the anode the electrons are taken from the chloride ions in contact 
with the anode. 

Electrolysis involves, then, a transfer of electrons between the elec- 
trodes and the surrounding ions, and Faraday’s law is simply the result 
of counting off one electron for each univalent atom, or two electrons 
for each divalent ion, etc. Each gram atom of a univalent element con- 
tains 6.0235 X 103 atoms, and, accordingly, it will take 6.0235 x 107° 
electrons to deposit 1 gram atom in electrolysis. The charge on the 
electron is 1.6020 X 107?® coulomb (Chapter XX1), and so the coulombs 
required to electrolyze a gram atom of a univalent ion are 


6.0235. < 10°* x 1.6020 10-2 = 0G 400 (8) 


This number is in agreement with the value already given. As a matter 
of fact, the experimental determination of the value of the faraday and 
the charge on the electron provide one of our best means for determining 
the value for the Avogadro number, 6.0235 X 10”°. 

Since Faraday’s law involves only a counting process, it is evident 
why the law is so exact. Its accuracy is limited only by the accuracy of 
measuring the chemical change and the quantity of electricity. 

Not only does Faraday’s law provide a means for calculating the 
amount of electrochemical reaction during electrolysis, but it provides 
also a means for determining the quantity of electricity which has passed 
through a circuit from a measurement of the amount of electrochemical 
reaction. Even though the current may fluctuate over wide ranges, the 
total quantity of electricity in coulombs or ampere-seconds which has 
passed can be determined chemically in a coulometer. The silver cou- 
lometer, in which silver is deposited from a solution of silver nitrate and 
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weighed on a platinum cathode, is perhaps the most accurate. Usually 
a weighed platinum dish holds the solution and serves as the cathode. 
Other types of coulometers depend on the weight of copper deposited, 
the amount of oxygen and hydrogen liberated, the volume of mercury 
produced from a mercury salt, or the quantity of iodine liberated at the 
anode and titrated. 


Hxample 2. A current of 0.100 ampere is passed through a copper sulfate 
solution for 10 minutes using platinum electrodes. 
(a) Calculate the number of grams of copper deposited at the cathode. 


10 X 60 X 0.100 _, 63.54 


a0 5 = 0.01975 g 


(b) Calculate the number of atoms deposited. 


10 X 60 X 0.100 1 =, ; 
96,500 X 5 X 6.02 x 10 = 0.1872 x 10 


(c) Calculate the volume of oxygen liberated at the anode at 25° and 740 mm. 


10 X 60 X 0.100 | 7% _, 82.05 & 298.1 
A 


= = 3-92, 
96,500 32 440 


Migration of Ions. The current is carried through the wire by elec- 
trons, but it is carried through the solution by positive ions moving 
toward the cathode and by negative ions moving; toward the anode. It 
is not necessary that the two ions carry the same fractions of the cur- 
rent even though they may have the same valence. The fraction of the 
current carried through the solution is a function of the relative velocities 
with which the cation and the anion move. The ions which move faster 
carry the larger quantity of electricity through the solution in a given 
time, that is, they carry the larger fraction of the current. If v, is the 
velocity of the cation and v, is the velocity of the anion, then the trans- 
ference number 7, of the cation is the fraction of the current carried by 
the cation as given by the following equation: 


current carried by cation Ve 
Ne a = (9) 
total current Ve + V4q 


Likewise, the transference number of the anion %q 1s equal to va/(¥e + 
V,). It is obvious that : 
Ne + Na = 1 


These fractions, %_ and 7, called the transference numbers, were first in- 
vestigated by Hittorf in 1853. 
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During electrolysis the concentration around the two electrodes is 
changed both by the chemical changes taking place at the electrodes 
and by the migration of cations and anions. The way in which these 
changes are effected is illustrated diagrammatically in Fig. 103. The 
solution undergoing electrolysis is divided into three compartments with 


IA ‘ 
6+deposit 38+migrate | 3+ migrate 


- 


++ 4+ + 4+ + 


x 4 


3— migrate 38-— migrate 


IB 


Loss of 3+ No change Loss of 3+ 
ap Sie fare Ae 


Loss of 3— No change Loss of 3— 


IA 
6+deposit 5+ migrate 


1-—migrates 1- migrates 


IIB 
Loss of 1+ No change 
+ +t tt Ft + + 


Loss of 1— No change 


t$tettet 


Cathode compartment Middle compartment Anode compartment 


Fie. 103. Schematic representation of change in concentrations produced in the 
neighborhood of electrodes by passage of electric current. 


imaginary partitions. The concentration is uniform throughout the 
vessel before the electrolysis, and it is assumed for the sake of discussion 
that there are seven positive and seven negative ions in each compart- 
ment and that the current is passed long enough to deposit six ions. Six 
electrons are removed from the anode and supplied to the cathode, and 
accordingly six cations are discharged at the cathode, and six anions are 
discharged at the anode. 

In the first case shown in Fig. 103 it is assumed that the cations and 
anions have the same velocity and each carries half the current. Ac- 
cordingly, three positive charges are carried between the electrodes by 
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the cations, and three negative charges are carried in the opposite direc- 
tion by the anions. The movement of the ions is indicated by dotted 
lines in IA and the net result is shown in IB. Six cations have been 
deposited at the cathode, three have moved into the cathode compart- 
ment from the middle compartment, and three have moved into the 
middle compartment from the anode compartment. Similar changes 
have occurred with the anions. The net result of migration and elec- 
trolysis is to decrease the concentration in the neighborhood of the elec- 
trodes from seven to four and to leave the concentration unchanged in 
the middle compartment. 

When the transference numbers of the two ions are not equal, the 
change in concentration is different at the two electrodes, as shown at 
IIA and IiB. In hydrochloric acid, for example, the hydrogen ion 
travels about five times as fast as the chloride ion, and, at room temper- 
ature, n. = 0.83 and nz = 0.17. Six ions are discharged at each elec- 
trode as before, but in this case five sixths of the current is carried by the 
hydrogen ion and one sixth by the chloride ion. The changes are in- 
dicated by dotted lines and arrows in IIA, and the net result is shown in 
IIB. Six hydrogen ions are discharged at the cathode, but five move in 
from the middle compartment, giving a net loss of one hydrogen ion. 
There is also a loss of one chloride ion due to migration. Six chloride 
ions are discharged at the anode, but only one migrates into the anode 
compartment, and the net loss around the anode is five. There is also 
a loss of five hydrogen ions, owing to migration toward the cathode. 

Transference Numbers by Change in Concentration. If the cation 
moves faster than the anion, it will carry a larger fraction of the cur- 
rent, and it will tend to increase in concentration around the cathode. 
Designating a gram equivalent by ¢ the change in concentration at the 
cathode which is due to migration, Aémigration, divided by the total 
number of faradays of electricity, yF, passed through the cell is a measure 
of the fraction of the current carried by the cation. Thus, for the cation, 

D Conteration of cation 


a a———— ree 10 
n OF (10) 


and, in a similar way for the anion, 


ING iesation of anion 


Na = 
vF 


where »v, the total number of faradays is equal to the sum of the number 
of equivalents of cation and anion migrating. The concentration of the 
electrolyte in the neighborhood of an electrode depends not only on 
the migration of the ions but also on the electrochemical changes 
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taking place at the electrode. Thus the total change €gna1 — €nitiat OF A€ 
is given by the expression, 


Ae = NGniseration et eaectrobyis 
or . 
ANémigration = Ae — Aé-jectrolysis (11) 
Ae, which may have either a positive or a negative value, is determined 
by analyzing the solution around the electrode before and after elee- 
trolysis. 
The quantity vF is calculated from coulometer determinations or, 
less accurately, from measurements of amperes and seconds. The 
quantity Acectrolysis is calculated from yF and a knowledge of the chem- 
ical reaction taking place at the electrode. If the ion is deposited at the 
electrode, its concentration will decrease, and Aécjectrolysis has a negative 
value. Aé€migration 18 then calculated by equation 11 and n, or nais calcula- 
ted by equation 10. In calculating transference numbers the number of 
gram equivalents per gram of water is multiplied by the number of 
grams of water taken in the sample. The sample must be large enough 
to include all the solution in the neighborhood of the electrode. Usually 
the electrode is placed in a compartment from which the solution can 
be drained and analyzed. The quantity Ae is determined by subtracting 
the number of equivalents contained in a given weight of water from the 
number of equivalents originally present before electrolysis in exactly 
the same weight of water. A determination of the equivalents per volume 
of solution does not give accurate results, because the concentration and, 
hence, the density of the solution changes during the electrolysis. 


Example 8. An aqueous solution of copper sulfate was electrolyzed between 
copper electrodes. On the cathode 0.3000 g of copper was deposited. The 
solution in the anode compartment contained 1.4300 g of copper after elec- 
trolysis, and the same weight of water originally contained 1.2140 g before 
electrolysis. Calculate the transference numbers of the ions. 


Ae = €fnal — initial 
For the Cut* with an equivalent weight of 63.54/2 or 31.77, 
_ 1430 1.2140 _ 0.216 
Ck CT ee 


= total increase of copper in the anode compartment 
0.300 


electrolysis 31 Fi 


Ae 


Ae 


= increase of copper in the anode compartment coming from anode 


0.300 : 7 
Ve 3L77 equivalent of electricity passed through the cell 


and 
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Then, 
_ 0.216 0.300  __—-0.084 


" = 
€ electrolysis Slee Seen OL.d7 


= Ae — Ae 


migration 


There has been a change of 0.084/31.77 equivalents due to migration. The 
negative sign of Aénigration Indicates that copper ions have migrated out of the 
anode compartment, 


0.084 
as AGnigration = 31.77 a 
Noytt = OF = 9300 ~ 0.28 
31.77 


and 
Ngo-- = 1 ~ 0.28 = 0.72 


Table VI gives the transference numbers of the cations of several 
typical electrolytes, at different concentrations. The transference num- 


TABLE VI 


TRANSFERENCE NUMBERS OF CaTIONS AT 25° 
| 


Electrolyte | 0.01 N1!/0.05N | 0.1 N || Electrolyte | 0.01 N! | 0.05 N | 0.1 N 


HCl 0.825 | 0.829 | 0.831 || AgNOs 0.465 | 0.466 | 0.468 
NaCoH302 0.554 | 0.557 | 0.559 || LaCl; 0.462 | 0.448 | 0.4387 
KNO3 0.508 | 0.509 | 0.510 || KgsFe(CN)¢ O43 ORs So Oneal 
NH,Cl 0.491 0.491 | 0.491 || CaCly 0.426 | 0.414 | 0.406 
KCl 0.490 | 0.490 | 0.490 || NaCl 0.392 | 0.388 | 0.385 
KBr 0.483 | 0.483 | 0.483 | LiCl 0.329 | 0.321 | 0.317 


1 Equivalents per liter. 


bers of the corresponding anions can be found by subtracting the trans- 
ference numbers of the cations from unity. 

The transference numbers vary slightly with the concentration. They 
depend on the relative ionic diameters and particularly on the extent to 
which the ions are solvated. Those ions which are extensively solvated, 
such as calcium and lithium, move slowly on account of the extra solvent 
molecules which they must drag along, and, accordingly, they have 
small transference numbers. 

The fact that ions are hydrated may be shown by an experiment on 
transference numbers in which sugar is added to the solution.* The 
sugar is not moved by the potential gradient, but, when the solution 
around the electrodes is examined with a polarimeter, the concentration 


* Washburn and Millard, J. Am. Chem. Soc., 37, 694 (1915). 
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of sugar becomes less in the compartment into which the hydrated ions 
migrate. The solution becomes diluted by the water dragged along with 
the ions. 

Hydrogen ions and hydroxyl ions possess abnormally high velocities 
in water, possibly because the proton can be transferred from molecule , 
to molecule. 

Ionic Mobilities. The absolute velocity of ions may be determined | 
directly by measuring the distance traveled in a given period of time , 
under a definite potential gradient. A solution of one electrolyte is care- 
fully floated on top of another in a long vertical tube of uniform diameter. | 
A line of demarkation between a colored and a colorless solution pro- ~ 
vides the simplest means of observation, but uncolored ions may be 
traced by the absorption of ultraviolet light or by the distortion of a 
scale viewed through the boundary between the two liquids where there 
is an abrupt change in refractive index. In order to keep the boundary 
sharp the two ions are chosen so that the slower ion follows the faster 
ion. Mechanical stirring is avoided by selecting electrodes which will 
give no evolution of gas. 

The velocities of ions are summarized in Table VII where the mo- 
bilities are given in centimeters per second at 25° under a potential 
gradient of 1 volt per centimeter. 


TABLE VII 


Tonic Mosinities at 25° 


Ton Mobility Ton Mobility Ton Mobility Ton Mobility 


iS Ne 0.00362 |} Cl— 0.00079 || Bat > 0.00066 || HCOs3— | 0.00046 


OH 0.00205 || Kt 0.00076 || CreO7—— | 0.00054 || Lit 0.00040 
SO4—— | 0.00083 || NOs~ | 0.00074 || Nat 0.00052 || Cutt | 0.00036 


It may be noted that, aside from the hydrogen and hydroxyl ions, 
most of the ions have velocities of the order of 3 to 8 X 107+ em per 
second or about 2 cm per hour at 25° under a potential gradient of 1 
volt per centimeter. 

Transference Numbers by Moving Boundary.* Transference num- 
bers may be determined in a manner similar to that just described for 


* MacInnes, “The Principles of Electrochemistry,” Reinhold Publishing Corp., 
New York, 1939, Chapter 4. 
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measuring ionic mobilities. As shown in Fig. 104, two solutions with 
different colors or different refractive indices are placed in a tube which 
is graduated in fractions of milliliters. When a difference in potential is 
applied to the electrodes, the movement of the boundary B is observed, 
and the volume swept out by the moving 
ion is recorded.* In Fig. 104 the upper 
electrode is of silver—silver chloride and the 
lower electrode is of cadmium. The tube is 
filled with hydrochloric acid and an indi- 
cator. When the circuit is closed, the fast 
hydrogen ions move upward, followed by 
the slower cadmium ions produced at the 
anode, and the acid color of the indicator 
marks sharply the boundary between the 
two. The current of about 0.010 ampere is 
kept constant by regulating the adjustable 
rheostat. 

If c equivalents of the electrolyte (hydro- 
chloric acid in this case) is dissolved in a 
liter of solution, the volume in milliliters 
containing 1 gram equivalent is 1000/c. 
When 1 faraday F of electricity passes 
through the solution, there will be a move- 
ment of 1 equivalent of electrolyte, or 
1000/c ml of solution. Of this volume of J. 04. ee ee 
solution n-(1000/c) ml will be swept out by EE cine ianaioronen hanes 
the cation and n,(1000/c) ml by the anion. pers by a moving boundary. 
If a smaller quantity of electricity f is 
passed, a smaller volume, v milliliters, will be swept out by the cation 
and measured in the graduated tube. Then, 


5 i v 


F  n-(1000/c) 


(12) 


Since the current is kept constant, the number of coulombs f is equal 
to the time ¢ in seconds multiplied by the current 7 in amperes. Then, 


vFc 
100087 


(13) 


Ne 


A similar formula may be derived for the anion. 


* MacInnes and Longsworth, J. Am. Chem. Soc., 60, 3070 (1938); Longsworth, 
J. Chem. Education, 11, 420 (1934). 
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Example 4. In a vertical moving boundary apparatus for transference © 


numbers the cathode was placed at the top. The anode at the bottom was 
surrounded by lithium chloride; on top of this solution was sodium chloride solu- 
tion, and on top of that was sodium acetate surrounding the cathode. The 
sodium ion moves faster than the lithium ion, and the chloride ion moves faster 
than the acetate ion. If the chloride-acetate boundary moved down 8.06 mm 
while the sodium—lithium boundary moved up 4.94 mm, calculate the transfer- 
ence numbers of chloride and sodium ions. Since the charge on each ion, the 
current, the time, the cross section of the tube, and the concentration were the 
same for the two ions, 


8.06 4.94 
TRG dk ee ee ee 


Ionic Conductances. As early as 1875 Kohlrausch examined the 
equivalent conductances of many different electrolytes and came to the 
conclusion that at infinite dilution the ions behave independently, so 
that the equivalent conductance of the electrolyte Ao is equal to the sum 
of the equivalent conductances of the cations [J9,- and anions l9,q, thus: 


Mo = lose + loya (14) 
This law of Kohlrausch is supported, for example, by the fact that 
Mo, xc1 — Ao, Nac = 149.9 — 126.5 = 23.4 cm? equiv * ohm7 
Ao, xr — Ao, nar = 150.3 — 126.9 = 23.4 cm? equiv? ohm7? 


Na 


This constant difference of about 23.4 is always found between a potas- 
sium and a sodium salt of the same acid at infinite dilution. It is easily 
explained on the basis that the conductance of the potassium ion is 23.4 
more than that of the sodium ion, that the anion is the same in both 
cases, and that the conductance depends only on the presence of the in- 
dependent ions. 

Kohlrausch’s law is useful in calculating the equivalent conductance 
at infinite dilution of the weak electrolytes which cannot be determined 
by direct extrapolation. 


Example 5. Calculate the equivalent conductance of acetic acid at infinite 
dilution at 25°. Extrapolation gives the following values at infinite dilution, 


Ao, nai= 426.1; Ao, NacgH30, = 91.0; Ao, rack = 126.5 
(Io, HY lo, Geel as (lo, Neale lo, C9H3097) om (lo, RAPS lo, cr) = Io, at lo, C2H3027 
Ao, nar + Ao, NaC2H302 _ Ao, naci = Ao, HC2H303 
Ao, HeoHy0, = 426.1 + 91.0 — 126.5 = 390.6 cm? equiv—! ohm=! 


The method of differences illustrated in this problem gives the equiv- 
alent conductances of a weak electrolyte, but it does not permit a cal- 
culation of the individual ionic conductances. They may be calculated, 
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however, with the help of the transference numbers. The transference 

number is the fraction of the total current carried by the given ion, 

which, in turn, is the ratio of the conductance of the ion to the con- 

ductance of all the ions, that is, to the conductance of the electrolyte. 
Thus, 


ih. Le Ae 
Ne = = — 
LAEE SP (15) 
and 
l, =e XA (16) 
Also, 
Ls =i, DIN 


With equations 14 and 16 it is possible to determine the equivalent 
conductances at infinite dilution of weak electrolytes. 


Example 6. Calculate Ao for acetic acid at 25° at infinite dilution, using the 
data of Tables III and VI. 


lo, w+ = No, ¢ X Ao, war = 0.82 * X 426.1 = 349.4 
Io, coH302- = No, a X Ao, NaceHy0, = 0.45* X 91.0 = 40.9 
Ao, ac2H302 = 0, at + Lo, coH,027 = 390.3 


When the conductance of one ion at infinite dilution is determined, 
others may be obtained from the equivalent conductances of the elec- 
trolytes by simple subtraction, using equation 14. An average of several 


chlorides gives Ao,ci- as 76.3 ohm! cm? equiv!. Then, for example, 
lo, ie Ao, TE} lo, Cin = 149.9 — 76.3 bea? 73.6 


In this way Table VIII has been constructed. 


TABLE VIII 


Ionic ConpucTances AT INFIniTE DiLuTIoN aT 25° 


Cations iE a Anions Le a 
H+ 349.8 0,014 On= 198 0.016 
Kt 73.5 O01, |-SFoONeaa pe LOV02 eo 8. 
NH,t 73.4 0.019 | $80,-— 79.8 0.020 
ALatt+t+ GOGO |) silebe Br~ 78.4 0.019 
2Batt 63.6 20201) elem 76.8 0.019 
Agt 61.9 0.020 | Cl- 76.3 0.019 
4Catt 59.5 0.021 | NO3~ 71,4 0.018 
3Mgtt eval 0.022 | HCO; 2 EN MN Fa dead 
Nat 50.1 0.021 | C.H30.— ee AO SO feN eee. 
Lit Sea | 0.023 


* Extrapolated values. 
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With this table it is easy to calculate equivalent conductances of many 
different electrolytes at infinite dilution, or to calculate transference 
numbers. 

The temperature coefficient is given under the columns a, where a is 
defined by the equation, 


lo, 2 = Io, 25[1 + a(t — 25)] ohm™ em? equiv? 


for the ionic conductance at temperatures ¢ not far removed from 25°. 
It may be noted that most of these values give a change of about 2 
per cent per degree which is about the same as the temperature coeffi- 
cient of the viscosity of water. This relationship is explained by the 
theory that each ion moving through the solution carries with it an at- 
mosphere of solvent, and the frictional resistance offered to the motion 
of the ion is the frictional resistance between masses of pure water. 

As already explained, the ions which are most heavily hydrated have 
small transference numbers. According to this hypothesis, the most 
heavily hydrated ions lose more of the water of hydration when heated, 
and, accordingly, they have larger temperature coefficients of con- 
ductance. Furthermore, since the increase in temperature accelerates 
the velocity of the highly hydrated slow-moving ions more than it ac- 
celerates the fast-moving ions, there is a tendency to equalize the ve- 
locities and bring both transference numbers more closely to the limit- 
ing value of 0.5 at higher temperatures. 

Conductance of Nonaqueous Solutions. Although the study of non- 
aqueous solutions has been quite limited in comparison with the ex- 
tensive studies of aqueous solutions, there is much of theoretical sig- 
nificance and practical importance to be obtained from investigations of 
nonaqueous solutions.* In several respects water is an abnormal sol- 
vent, and a broader knowledge of electrical behavior in other solvents 
has led to important contributions to the theory of solutions. 

Only those substances, such as salts, acids, and bases, which can dis- 
sociate into ions and only those solvents with reasonably large dielectric 
constants and dipole moments are of interest in conductance studies. 
Solvents such as benzene and carbon tetrachloride with very small 
dipole moments do not interact with the solutes sufficiently to pull the 
charged parts apart and produce ions. The viscosity of the solvent is a 
factor of lesser importance in studying the conductance of solutions. 
Among the solvents that have been important in the conductance of 
nonaqueous solutions are alcohols, liquid ammonia, dioxane, acetone 


* Kraus, ‘‘The Properties of Electrically Conducting Systems,’ Chemical Catalog 
Co., New York (1922). 
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and other ketones, anhydrous formic acid and acetic acid, pyridine and 
several amines and nitro compounds. 

A few miscellaneous examples of conductances in nonaqueous solu- 
tions are given in Table IX. 


TABLE IX 


ConDUCTANCE OF NONAQUEOUS SOLUTIONS 


Temper- ae Concentration, Specific | Equivalent 
Solvent ature, Equivalents Conduct- | Conduct- 
5 lyte , 
C per liter ance ance 
Ammonia —33 Nal 1.14 0.28 245 
Ethanol 18 Nal 1.00 0.035 35.2 
Acetone 25 Nal 1.0 26.4 
0.1 64.1 
0.01 109.7 
0.0 (176.2) 
Isoamyl alcohol 25 Nal 0.1 1.29 
0.01 2.02 
0.00 (7.79) 
Methyl amine —33 KI 9.3 Omi Died 
Ethyl amine —33 AgNO3 8.0 0.0083 1.04 
Nitromethane 25 KI 10.0 0.88 88.1 
Ammonia —33 Na 0.8 1.27 2017 


The conductance of metallic sodium in liquid ammonia is interesting. 
Apparently, the neutral sodium atoms dissociate into positive Nat ions 
and negative electrons. 

The conductance in mixtures of solvents can be predicted in some 
cases by assuming that the effects are additive. In other cases the con- 
ductance becomes quite complicated. For example, both pure water 
and pure sulfuric acid have extremely low conductances, but mixtures of 
the two are conducting. As the sulfuric acid concentration increases, the 
specific conductance increases until a maximum of about 0.72 is attained 
at about 33 per cent H.SO, after which the conductance decreases until 
a minimum is reached at 85 per cent, corresponding to the compound 
H.SO4-H,O. Further increase in concentration of H2SO,4 causes an in- 
crease in conductance to a slight maximum and then a decrease to a 
very low value at 100 per cent H2SO,. Addition of SO3 to the H2,SO,4 
again gives an increase in conductance. 

Crystalline salts have very low conductances because the ions are 
held in fixed positions, but the fused salts are excellent conductors. Even 
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in the crystal form the conductance becomes appreciable at tempera- 
tures just below the melting point, a fact which shows that there is some 
mobility of the ions. Impurities in the salt sometimes give an ab- 
normally large conductance. The specific conductance of many fused 
salts is large, sometimes exceeding the conductance of the most con- 
centrated aqueous solutions, but the equivalent conductance is com- 
paratively small on account of the high concentration of the electrolyte. 
The electrolysis of fused salts finds important technical applications in 
such operations as the production of sodium from fused sodium hy- 
droxide, the production of magnesium from fused magnesium chloride, 
and the production of aluminum on an enormous scale by the electrolysis 
of fused aluminum hydroxide dissolved in molten sodium aluminum 
fluoride. Electrolysis in fused salts and nonaqueous solutions makes 
possible the production of certain metals which cannot be deposited in 
the presence of water. 
Table X lists a few examples of the conductance of fused salts. 


TABLE X 


CoNDUCTANCE OF FusED SALTS 


Salt Temperature, Specific Equivalent 
<6 Conductance | Conductance 
AgCl 600 4.16 LAGE 
AgBr €00 3.08 51.9 
Agl 600 2.43 64.6 
AgNO3 250 0.83 36.1 
350 1.25 wane: 
NaNO; 350 nest 7 52.9 
450 1.56 TL 
KNO3 350 0.67 36.5 


Conductimetric Titrations. The electrical conductance of a solu- 
tion serves as a means for determining the end point in chemical re- 
actions, such as titrations of acids and bases, or precipitations. 

For example, when a strong acid is added to a strong base, the con- 
ductance decreases to a minimum, at which the base is completely neu- 
tralized, and then it increases owing to the excess of acid, as shown in 
Fig. 105 for sodium hydroxide and hydrochloric acid. The two lines 
AB and CD intersect at the point H which is the end point. The OH~ 
ions of the base and the H™ ions of the acid have a much greater velocity 
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than the sodium and chloride ions, and so the conductance is least at the 
end point H where the acid and base are present in exactly equivalent 
portions, and there is no excess of either OH~ ions or H* ions. In 
order that the lines AB and CD shall be straight and thus permit cal- 
culations from sets of only two points, it is desirable to keep the volume 
constant throughout the titration. In order to approach this condition, 
the added reagent must be concentrated, whereas the solution which is 
being titrated must be dilute. 


2.5 


Specific conductance in ohms~! x 107? 
(20 ml NaOH solution at start) 


oe 1.0 2.0 3.0 
Volume of hydrochloric acid added (ml) 
HCl=0.1019N 
Fia. 105. Electric conductance in the titration of a strong base NaOH by a strong 
acid HCl. 


If the same titration is carried out with a weak acid, acetic acid, in- 
stead of a strong acid, as shown in Fig. 106, the excess acid beyond the 
end point will not cause such a sharp increase in conductance. In fact, 
with acetic acid a horizontal line is obtained after all the sodium hy- 
droxide has been neutralized, because the number of conducting ions 
being added in the excess of acetic acid is small, particularly in the 
presence of the sodium acetate (as explained on page 488). The sharp 
change in the slope of the line is useful, however, in determining end 
points. In colored or turbid solutions, where a colored indicator cannot 
be used, this determination of end points by means of conductance 
measurements is particularly useful. In practical work it is often con- 
venient to plot resistance or merely bridge readings instead of specific 
conductances. Moreover, good end points can be obtained with re- 
sistance measurements of only moderate accuracy. 
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End points in precipitations can be determined by conductance meas- 
urements, because the ions left in solution will have somewhat different 
ionic conductances from the ions which are removed from solution in the 
precipitation. One of the best reactions for this method is the precip- 
itation of a salt like magnesium sulfate with barium hydroxide, because 


Specific conductance in ohms? x 10 
(20 ml of NaOH solution at start) 


0 1.0 2.0 3.0 
Volume of acetic acid added (ml) 
(CH; COOH = 0.1176N) 


Fia. 106. Electric conductance in the titration of a strong base NaOH by a weak 
acid CH;COOH. 


in this case both products BaSO, and Mg(OH)z are insoluble, and the 
conductance at the end point is very low. 

Conductance measurements are used for a variety of testing and con- 
trol operations, such, for example, as concentration by evaporation of 
acids or salts, leakage of salt solutions, hardness of water, moisture con- 
tent of soil or wood, and rates of chemical reaction in which the products 
have a different conductance from that of the reactants. 

Decomposition Voltage. When two platinum electrodes are placed 
in a solution of an electrolyte and a low voltage is applied, practically 
no current flows through the circuit. As the voltage is gradually in- 
creased, there may be a temporary flow of current until the products ac- 
cumulate and produce an opposing voltage and cause the current to 
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diminish. However, for each electrolyte there is voltage above which a 
large current continues to flow. This voltage is called the decomposition 
voltage. At voltages above the decomposition voltage the current is 
proportional to the applied voltage. When the current flowing is plotted 
against the applied voltage as shown in Fig. 107, the extrapolation of the 
steep line to cut the horizontal axis gives a measure of the decomposition 


Current 


E in volts 


Fie. 107. Determination of decomposition potentials of salts. 


voltage.* In another method the applied voltage is increased until 
bubbles of gas or deposits of metal on an electrode can be detected with 
a microscope. Decomposition voltages vary with the conditions, but 
are characteristic of definite electrolytes. Thus the decomposition 
voltage of copper sulfate is 1.6, of lead nitrate is 1.8, and of cadmium 
nitrate is 2.3 volts. It is a striking fact that most strong acids and bases 
have decomposition potentials of 1.7 volts. They all behave alike in that 
at 1.7 volts or above they give off hydrogen and oxygen at the electrodes. 
Acids such as concentrated hydrochloric acid, which give products other 
than hydrogen and oxygen, have decomposition potentials which are 
below 1.7 volts. 

The decomposition potentials play a role in the controlled deposition 
of metals or other electrolytic products when a potential difference is ap- 


* Groening and Cady, J. Phys. Chem., 30, 1597 (1926). 
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plied to the electrodes of an electrolytic cell containing several different 
electrolytes; the one with the lowest decomposition potential is electro- 
lyzed first, and, as the voltage is increased, other salts are electrolyzed 
and other metals deposited in turn as their decomposition potentials are 
exceeded. 

For example, in a mixture of cadmium, lead, and silver which is sub- 
jected to electrolysis, the decomposition potentials of the salts are as 
follows: Cd(NO3)2 = 2.3 volts, Pb(NO3)2 = 1.8 volts, and AgNO3 = 
0.9 volt. If the applied electromotive force is made a little less than 1 
volt, the silver will be deposited; then, if the electromotive force is raised 
to about 1.9 volts, the lead will be deposited; and finally, if the electro- 
' motive force is raised above 2.3 volts, the cadmium will be deposited. 

If a platinum anode is surrounded by a solution of chloride ions in 
water, both Cl~ ions and OH~ ions will be colliding with the electrode 
and competing for the removal of the electron. Less energy is required 
to discharge the hydroxyl ion. Therefore, when Cl” and OH7 ions are 
in nearly the same concentration, practically pure oxygen will be evolved, 
but, when the chloride ion is in large excess, chlorine gas will be produced 
at the anode. In 2 M hydrochloric acid chlorine is evolved, but in 0.02 
solution oxygen is evolved, whereas at intermediate concentrations a 
mixture of chlorine and oxygen is obtained. Thus, it is seen that the 
products of electrolysis can be controlled not only by changing the ap- 
plied voltage but also by changing the concentrations. When there are 
different kinds of ions competing at an electrode for the loss or gain of 
electrons, there are two factors involved—the decomposition potential 
which is a measure of the energy requirement and the concentration 
which is a measure of the frequency of collision with the electrode sur- 
face. 

If a solution of potassium sulfate is electrolyzed, hydrogen and oxygen 
are evolved because the hydrogen and hydroxy] ions are discharged at a 
lower voltage than the potassium ions and sulfate ions, as indicated by 
the normal electrode potentials. However, with very large current 
densities it is possible to deplete the hydrogen ions in the immediate 
neighborhood of the cathode to such an extent that some potassium will 
then deposit in a mercury cathode. 

The deposition of metals can be altered by changing the solvent. 
Thus hydrogen is deposited at the cathode in an aqueous solution of 
sodium iodide, but sodium can be deposited from a solution of sodium 
iodide in a suitable non-aqueous solution. 

The control of concentration as well as voltage is important in prac- 
tical electroplating. In nickel plating, for example, if the acidity of the 
plating baths exceeds a certain limit, hydrogen will be liberated, and the 


THE DROPPING-MERCURY ELECTRODE 425 


deposit will not be firm and smooth. The electroplating of a mixture of 
copper and zinc (brass) is another example. Ordinarily, when a mixture 
of zine and copper salts is electrolyzed, copper is plated exclusively, be- 
cause its decomposition potential is much less. However, the con- 
centration of copper ions can be decreased enormously by adding potas- 
sium cyanide and locking up most of the copper in complex ions; under 
these conditions, when the zinc is very concentrated, both metals will 
be deposited together at the cathode. 

Important changes in the electrodeposition of metals can be made 
through the use of rapidly rotating electrodes. When the solution in 
the neighborhood of the electrode is removed rapidly, there is less chance 
for a change in concentration due to electrolysis. Smooth deposits can 
then be formed even with high current densities. If the solution is not 
agitated, the current must often be kept so low as to require long times 
for deposition. Sometimes the introduction of a colloid like gelatine into 
the solution produces smaller crystals and a smoother deposit on the 
electrode. 

The Dropping-Mercury Electrode.* The decomposition voltages ob- 
tained with a dropping-mercury electrode cathode are now often used 
for chemical analysis of inorganic and organic substances. Heyrovsky 
first developed a sensitive apparatus called the polarograph, which 
automatically records the current as the voltage is gradually increased. 
Each reducible substance has a definite characteristic decomposition 
potential, and the voltage at which the current increases rapidly is used 
for qualitative analysis. Furthermore, the magnitude of the current 
flowing at the decomposition voltage enables one to make an empirical 
calculation of the concentration of the material present which is under- 
going reduction. The electrode surface is being continuously renewed 
as the mercury flows down from a small capillary, and the current pass- 
ing across the boundary of the electrode depends on the rate at which 
the material in contact with the cathode can be reduced. ‘This rate is 
proportional to the concentration of the material in the solution film 
surrounding the cathode. The concentration depends on the rate at 
which the material diffuses to the fresh film of the cathode surface, and 
this, in turn, depends on the concentration in the body of the solution. 
There are other factors involved, but simple satisfactory analyses have 
been made on a great many different substances using empirical cal- 
ibrations with known concentrations under conditions which are the 
same as those existing in the “unknown” solution. 


* Kolthoff and Lingane, Chem. Rev., 24, 1 (1939); “Polarography,” Interscience 
Publishers, New York, 1941; O. H. Miiller, J. Chem. Education, 18, 65, 111, 172, 227 
(1941). 
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Polarization. The production of a countervoltage by the products of 
electrolysis is called polarization. For example, if a current of electricity 
is passed through a solution of lead chloride between platinum elec- 
trodes, lead will be deposited on the cathode and chlorine on the anode. 
The lead—chlorine cell thus formed causes current to flow in the opposite 
direction and opposes the impressed voltage. Polarization may be 
caused also merely by the change in concentration of the electrolytes 
around an electrode produced by the electrolysis, thus leading to the 
production of voltage, as explained on page 454. The polarization of an 
electrode can be determined by measuring the potential of the electrode | 
against a reference electrode, such as a calomel electrode described on — 
page 434, before and after the passage of the current. Polarization does 
not occur when all the reactions are rapid and the electrode is in a state 
of reversible equilibrium. The existence of polarization implies that one 
of the reaction steps involved is slow. . 

Overvoltage is a special case of polarization which depends on the - 
evolution of gas. It is the difference between the decomposition voltage 
at which gas is evolved on an electrode and the voltage at which it is 
evolved under reversible conditions, as on a platinized platinum elec- 
trode. The overvoltage depends on the nature of the electrode, on the 
current density, and on other factors. The overvoltages for the libera- 
tion of hydrogen at a current density of 0.1 ampere per square centi- 
meter are roughly as follows: platinized platinum 0.0; polished platinum 
0.3; gold 0.6; iron 0.8; silver 0.9; nickel 1.02; zine 1.1; lead 1.2; tin 1.2. 

The decomposition potential must be at least as great as the equi- 
librium electrode potentials, given in the electromotive-force series on — 
page 447, plus the overvoltages. The overvoltage of lead is responsible 
for a higher voltage for the storage battery, and the overvoltage of zine 
is responsible for the moderate resistance of zinc to corrosion. Many 
electroplating operations also involve overvoltages. 

Electrolytic Reduction and Oxidation. Electrolysis provides a simple 
and effective means for the reduction of inorganic and organic materials. 
Electrolytic reduction depends on the supply of electrons produced at 
the cathode. Either hydrogenation or electrolysis or both may take 
place, depending on the conditions. Likewise, oxidation may be pro- 
duced electrolytically by removing electrons at the anode; and some- 
times the oxygen liberated at the anode can be used to advantage. In 
some operations a porous cup is placed in the cell to keep the cathode 
and anode gases separated from each other. In some electrochemical 
reactions the hydrogen liberated at the cathode is an important 
factor. 

The current density, the cathode potential, the acidity of the solu- 
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tion, the overvoltage, and the nature of the electrode surface affect the 
electrolytic hydrogenation and reduction at the cathode. 

The conversion of nitrobenzene into aniline is one of the classic ex- 
amples of electrolytic hydrogenation. Not only can the reduction to 
aniline be accomplished effectively, but also, by suitable control of the 
potential and the acidity of the solution, together with proper choice of 
electrodes, it is possible to obtain large yields of any one of the inter- 
mediate products, azoxybenzene, azobenzene, and hydrazobenzene, each 
representing a step in the reduction of nitrobenzene. Electrolytic oxida- 
tions at the anode are also important. 
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PROBLEMS 


1. A long glass tube is provided with electrodes at each end. When the tube is 
filled with 0.01 N NaCl, the resistance is 200 ohms. Estimate with the help of a 
graphical interpolation how many grams of CaCle should be weighed out in a liter 
of solution so that the tube and solution will have a resistance of 5000 ohms. 

Ans. 0.022¢. 

2. One hundred grams of sodium chloride is dissolved in 10,000 liters of water at 
25° giving a solution which may be regarded in these calculations as infinitely dilute. 

(a) What is the equivalent conductance of the solution? 

(b) What is the specific conductance of the solution? 

(c) This dilute solution is placed in a glass tube of 4 cm diameter provided with 
electrodes filling the tube and placed 20 cm apart. How much current will flow if 
the potential drop between the electrodes is 80 volts? 

Ans. (a) 126.5 0hm—. (6) 2.16 X 10~> ohm. (c) 1.08 X 107? amp. 

3. Ten amperes of current flowed for 1 hour through water containing a little 
sulfuric acid. How many liters of gas was formed at both electrodes at 27° and 
740° mm pressure? ° Ans. 7.08 liters. 

4. Determine the value of Ao for lithium chloride from the following data at 25°. 


Equivalents per liter 0.05 0.01 0.005 0.001 0.0005 
Equivalent conductance 100.1 107.3 109.4 112.4 113.5 


Ans. 115.0 
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5. MacInnes and Dole electrolyzed 1.0 N potassium chloride at 25° between a 
silver anode and a silver chloride cathode and found that 113.51 g of water from — 
the anode portion carried 7.9039 g of potassium chloride. The anode reaction is 
Ag + Cl- = AgCl +e; the cathode reaction is AgCl+e=Ag+Cl-. The | 
middle portion, unchanged by the electrolysis, contained 7.1479 per cent by weight of 
potassium chloride. Calculate the number of equivalents of potassium ion which 
have migrated away from the solution surrounding the anode. The coulometer in 
the circuit gained 2.4835 g of silver from the deposition of silver. Calculate the 
transference number of potassium in 1.0 NV KCl. Ans. 0.483. 

6. The equivalent conductance of an infinitely dilute solution of ammonium 
chloride is 149.7, and the ionic conductances of the ions OH~ and Cl~ are 198.0 and 
76.3, respectively. Calculate the equivalent conductance of ammonium hydroxide 
at infinite dilution. Ans. 271.4. 

7. The following table gives the specific conductance of a solution of hydrochloric 
acid to 100 ml of which have been added various amounts of a 7 N solution of sodium 
hydroxide. If the dilution effect of the small amount of hydroxide solution added is 
neglected, what is the normality of the hydrochloric acid solution? 


NaOH, ml 0.28 0.92 1.38 ZEAG 
Conductance 0.0306 0.0166 0.0154 0.0288 


Ans. 0.0804 N. 


8. (a) What is the resistance of a glass cell which is 5 em in diameter with elec- 
trodes 10 cm apart when filled with 0.01 N CuSO, which has an equivalent conduct- 
ance of 83.1 ohm7!? 

(b) What is the resistance of the same cell when filled with water which contains 
0.1 g of CuSOsg per liter? 

9. Estimate the specific conductance at 25° of water which contains 70 parts 
per million by weight of magnesium sulfate. 

10. From the values of the equivalent conductance at different concentrations 
for aqueous nitric acid at 18°, determine the equivalent conductance of an infinitely — 
dilute solution at 18°. 


Cone. Equivalent 
(Milliequivalents per liter) Conductance 
2.0 371.2 
10.0 365.0 
50.0 353.7 
100.0 346.4 


11. State quantitatively what the chemical changes will be at the cathode and 
the anode when a current of 1 ampere is passed for 20 minutes through the following 
solutions: 


(a) (6) (¢) 
Cathode Graphite Mercury Silver 
Solution H.SO4 ZnCle FeCl3 
Anode Platinum Zine Silver 


12. A 6-volt storage battery operates two 4-ampere lamps in parallel for 5 hours. 
How many grams of lead is oxidized? If 5 per cent of the energy goes into light and 
95 per cent into heat, how many calories of heat is given off by the lamps? 
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13. A solution of hydrochloric acid was electrolyzed in a transference cell between 
platinum electrodes. The cathode compartment contained 0.177 g of chloride ions 
before the electrolysis and 0.163 g afterwards. A silver coulometer in series had a 
deposit of silver equivalent to 0.0825 g of chloride ions. What are the transference 
numbers of H* and Cl7? 

14. A glass tube having a uniform cross section of 1 sq em was partly filled with 
0.01 N hydrochloric acid, and a solution of an inert electrolyte was poured in on top 
so as to give a boundary. When a constant current of 10 milliamperes was passed 
through for 200 seconds, the hydrogen ions moved 17 mm toward the cathode, as 
shown by a color indicator for hydrogen ions. Calculate the transference number 
of the hydrogen ions in 0.01 N hydrochloric acid. 

15. At 25° the equivalent conductance at infinite dilution Ag of sodium mono- 
chloroacetate is 89.8. Calculate Ao at 25° for monochloroacetic acid. 

16. Calculate the equivalent conductance at infinite dilution of ammonium sulfate 
at 55°, 

17. The following table gives the specific conductance of a solution, of hydrochloric 
acid, to 100 ml of which have been added various amounts of an 8 N solution of 
sodium hydroxide. If the dilution effect of the small amount of hydroxide solution 
added is neglected, what is the normality of the hydrochloric acid solution? 


NaOH, ml 0.32 0.92 1.56 2.34 
Conductance, A 0.0322 0.0186 0.0164 0.0296 


18. An electrolytic cell containing a cadmium sulfate solution was subjected to 
various applied potentials, and the corresponding currents were measured. The 
results were as follows: 


E (volts) 0.5 1.0 1.5 1.8 2.0 2.2 2.4 2.6 3.0 
I (ampere) 0.002 0.004 0.006 0.007 0.008 0.028 0.069 0.110 0.192 


What is the decomposition potential of cadmium sulfate? 


19. One milligram of potassium chloride is dissolved in 1 liter of water at 25° 
giving a solution which may be regarded as infinitely dilute. 

(a) What is the equivalent conductance? 

(b) What is the specific conductance? 

(c) This solution is placed in a glass tube of 2 em diameter provided with elec- 
trodes, which fill the tube, and placed 10 cm apart. How much current will flow if 
the potential drop between the electrodes is 50 volts? 

20. A sample of water from a large pool had a resistance at 25° of 9200 ohms 
when placed in a certain conductance cell. When filled with 0.020 M KCl the cell 
had a resistance at 25° of 85 ohms. Five hundred grams of sodium chloride was 
dissolved in the pool, which was then thoroughly stirred. A sample of this solution 
gave a resistance of 7600 ohms. With the help of graphical interpolation calculate 
the number of liters of water in the pool. 

21. What is the molar conductance of metallic mercury at 0°? 

22. What are the probable products of electrolysis at each electrode when a cur- 
rent of electricity is passed through the following cells: 

(a) An aqueous solution of copper sulfate with copper electrodes. 

(b) An aqueous solution of ferrous sulfate with graphite electrodes. 

(c) An aqueous solution of lithium iodide with mercury electrodes. 

(d) A solution of sodium iodide in acetone with platinum electrodes. 

23. A glass tube 4 cm in diameter and 30 cm long is closed at each end with a 
sheet silver electrode and filled with 0.01 N silver nitrate. Sixty volts are applied. 
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(a) How much current flows? (b) How many degrees will the temperature of the 
solution rise in 10 minutes, if it is assumed that the heat capacity of the solution is 
nearly 1 cal deg per milliliter and that all the heat is taken up by the solution? 

24. (a) How many ampere-hours of electricity are required to refine by elec- 
trolysis 453 g (1 lb) of copper, removing it from the impure anode and depositing 
it in a pure state on the cathode? 

(b) If the potential drop across the electrolytic cell is 5 volts, how much will the 
electricity cost at 1 cent per kilowatt-hour? 

25. The silver nitrate solution from the central compartment of a transference cell 
weighed 36.5 g and was titrated with 32.7 ml of ammonium thiocyanate solution, 
1 ml of which was equivalent to 0.0085 g of silver nitrate. The solution from the 
cathode compartment weighed 43.17 g and required 29.4 ml of ammonium thio- § 
cyanate solution. A silver coulometer in series with the transference cell had a— 
deposit of 0.0994 g of silver. What are the transference numbers of the silver ion 
‘and the nitrate ion? 

26. A current of 0.01 ampere is passed through an 0.01 molar solution of lithium 
chloride at 25° for 100 seconds using silver electrodes. (a) How much, if any, will 
each electrode gain in weight? (6) Estimate the number of equivalents of chloride 
ion which will be found in the 100 ml of solution which surrounds the anode. 

27. In 0.1 N NaeSO, the transference number of the sodium ion is 0.383. If a 
suitable boundary is made in a uniform glass tube 18 mm in diameter, and 0.02 
ampere is passed through the tube for 5 minutes, how far will the boundary of sodium 
ions move toward the cathode? 

28. What is the specific conductance at 0° of a solution containing 0.1 g of CaSO, 
per liter? (A is practically equal to Ao.) 

29. Sketch a curve for the conductometric titration of a weak acid by a strong base. 


30. The absolute velocities of ions have been determined by direct observation 
of a moving boundary. They may be calculated also from a knowledge of the equiva- 
lent conductance and the transference numbers. Imagine a solution containing c 
equivalents of a univalent electrolyte per 1000 ml in a I-cm cube. Show that 
(ve + Va)(c/1000) F = I where v, and vg are the velocities of the ions and J is the cur- 
rent; and that, since J = L, for a potential gradient of 1 volt per centimeter: 


A = (Uc + 0q)F 


Using the transference numbers, calculate the absolute velocity of the K+ ion and 
the Cl~ ion at infinite dilution and 25°. 

31. In determining the transference numbers of Ba(HSO.)2 in concentrated 
H2SO, using platinum electrodes, the following are the analyses for a typical measure- 
ment expressed in grams of BaSOx, per gram of solution: 


Original Anode Compartment Cathode Compartment 
0.02503 0.02411 0.02621 


The solution had an average density of 1.90, the cathode compartment held 39 ml, 
and the anode compartment held 41 ml. During the experiment 4956 coulombs were 
transferred. What is the apparent transference number of Batt ion in the solution? 
32. Outline methods by means of which the formation of a complex ion, such as 
Cu(CN)2, might be determined in a solution containing both CuCl, and KCN, 
using (a) conductance measurements, (b) measurements of transference numbers. 


CHAPTER XVI 
ELECTROMOTIVE FORCE 


Galvanic Cells. The behavior of electrolytes during the passage 
of an electric current through them was studied in the preceding chap- 
ter. It was observed that electrons were supplied to the cathode by 
means of a dynamo or battery and then transferred to the positive ions 
which were in contact with it, thus neutralizing positive charges on the 
ions and frequently causing the ions to be discharged as neutral atoms 
or molecules. In a similar manner electrons were removed from the 
anode, thus leading to a reduction in the number of charges on the 
negative ions. 

In the present chapter a study is made of the electromotive force 
which is produced by an excess of electrons at the anode and a deficiency 
at the cathode caused by the contact with ions which surround the elec- 
trodes. Usually a reaction may be divided into two parts: one an oxida- 
tion process involving a release of electrons and the other, a reduction 
process involving an absorption of electrons. The chemical tendency 
to release electrons at the anode] feeds electrons into an electrically 
conducting electrode which is placed in the solution; and the chemical 
tendency of certain ions to absorb electrons causes electrons to be with- 
drawn from the cathode placed in the “solution. Measurements of the 
voltage or electromotive force between two pairs of electrodes enable 
one to determine the relative tendency of the two reactions, one at the 
cathode and one at the anode, to release electrons. They enable one 
also to calculate the equilibrium constant of the over-all chemical reac- 
tion or to calculate the activities of the electrolytes which surround the 
electrodes. Frequently, concentrations are used instead of activities if 
the latter have not been determined. In some cases, particularly in 
dilute solutions or when great accuracy is not needed, they are used 
interchangeably. 

Galvanic cells for the production of electricity from chemical reac- 
tions have been known since 1800, when Volta described his electric 
pile. One of the oldest and simplest cells consists of a zine electrode 
immersed in zine sulfate and a copper electrode immersed in copper 
sulfate, the two solutions being separated from each other by a porous 
cup, or, in certain types of vertical cells, by gravity. The electromotive 
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force of such a cell is about 1 volt, the zinc electrode being negative and. 
the copper positive. 

The operation of the cell may be understood with the help of Fig. 108. 
Each electrode is bathed in a solution of its ions, and there is an equilib- 
rium at each as indicated by the reactions: 


Tay en sto Dede Tin 
Cut ee 


The copper ions, however, attract their valence electrons with greater 
force than do the zinc ions; that is, copper is less easily ionized than zinc.’ 
In the competition for electrons, 
copper ions are more effective 
than zine ions and they remove 
electrons from the copper elec- 
trode. When the wire between 
the two electrodes isdisconnected, 
the reactions stop, but, as long as 
there is electric connection be- 
tween the two electrodes, elec- 
trons are removed from the cop- 
per electrode by the reaction 
Zn—>Zit+20 Cu't+20—>Cu Cutt + 2e— Cu, and electrons 
are provided at the zinc electrode 
by the reaction Zn > Znt* + 2e. 
Faraday’s law applies, and the 
following phenomena take place: 
(1) 1 gram equivalent of zine 
atoms releases two electrons per atom, and goes into solution as zinc ions; 
(2) 6.02 X 107° electrons, which are equivalent to 96,500 coulombs of 
electricity, travel along the wire from the zine electrode to the copper 
electrode; (3) 1 gram equivalent of copper atoms is deposited by the 
addition of electrons to copper ions which collide with the negative 
copper electrode. 

As long as the circuit is closed, these reactions go on, consuming zinc 
and depositing copper until either the zine or the supply of copper ions 
is exhausted. If the circuit is left open, the chemical action ceases, 
except for diffusion of the ions and local action, which is due to impuri- 
ties in the zinc acting to give tiny local cells. This action which con- 
sumes the zinc on open circuit can be greatly reduced by using very 
pure zinc or by coating or amalgamating the surface of the zine with 
mercury. This procedure gives a coating over the impurities and does 


Fic. 108. Illustration of a typical gal- 
vanic cell showing the chemical reactions 
occurring at the electrodes. 
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not change the voltage appreciably, because a saturated solution of 
zinc in mercury possesses practically the same potential as pure zinc. 

Many other galvanic cells have been devised, but the zinc and copper 
cell serves to illustrate the general principle by which electricity can 
be furnished from chemical reactions. Several cells of the same kind 
can be arranged in series to give a battery of higher voltage, which is 
equal to the sum of the voltages of the individual cells. Although 
electricity can be produced much more cheaply by operating a dynamo 
with mechanical power, the batteries have the advantage of portability, 
and two types have survived severe economic competition. The lead 
storage battery is used for starting automobiles, and the Leclanché 
dry cell of zinc and ammonium chloride is used in flashlights, portable 
radio sets, and hearing aids. 

Standard Cells. The cadmium cell shown in Fig. 109 is the accepted 
standard for measuring voltages. Platinum electrodes are sealed 
through the bottoms of two glass tubes connected by a horizontal arm. 


Saturated 
CdSO, 


CaSO, H,0 
Crystals 


Fig. 109. Weston or cadmium sulfate standard cell—used as a reference for meas- 
uring voltage. 


One tube holds a cadmium amalgam, containing 10 to 13 per cent of 
cadmium in mercury, and the other contains pure mercury on which 
floats a paste of mercury and mercurous sulfate. The cell is then 
filled with a concentrated solution of cadmium sulfate or a saturated 
solution containing an excess of solid crystals of CdSO4-$H20. The 
latter is the accepted standard, but the former has a lower temperature 
coefficient which renders it more convenient for laboratory use. 

This cell is reversible, and, unless abnormally large currents are 
drawn, the voltage remains constant. When it operates spontaneously, 
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cadmium goes into solution as cadmium ions, and the electrons left by 
this ionization pass around the wire to the positive electrode, where 
mercurous ions take them up and deposit as mercury atoms. When 
the cell is opposed by a larger electromotive force, the current flows in 
the opposite direction with the result that cadmium is deposited, and 
mercury converted into mercurous ions. If the solution is saturated 
with respect to both cadmium sulfate and mercurous sulfate, a fixed 
concentration is maintained in spite of additions from the electrode or 
deposition on the electrode. In the unsaturated cell the concentration 
of the cadmium sulfate is so large that a small gain or loss does not 
change the concentration appreciably. 

If the materials are carefully prepared and the cell made up according 
to specific directions,* the voltage will be 1.0186 at 20°, and this 
voltage will remain unchanged for years. For accurate work in electro- 
chemistry, however, it is well to have the voltage checked occasionally 
against standard cells maintained at the U. 8. Bureau of Standards in 
Washington or against secondary standards which, in turn, are cali- 
brated at the Bureau of Standards. The voltage E of the saturated 
standard cadmium cell is 1.0186 absolute volts — at 20° and decreases 
0.0000406 volt for each degree rise in temperature above 20°. 

Reference Electrodes. The electromotive force or voltage of a cell 
is equal to the sum of the potentials of its two electrodes.{t The potential 
of an electrode is the difference in potential between the electrode and 
the surrounding solution. It is determined by combining it with a 
reference electrode which has an arbitrarily assigned potential and measur- 
ing the total voltage between the two electrodes. All electrode poten- 
tials are assigned numerical values on the assumption that the potential 
of the standard hydrogen electrode (described on page 457) is zero. 

The calomel electrode shown at the left of Fig. 110 is a convenient 
reference electrode. It consists of pure mercury in the bottom of a 
_ vessel on which rests a paste of mercury and mercurous chloride (calo- 
mel). A solution of potassium chloride saturated with mercurous chlo- 
ride makes electric contact, through a side arm provided with a porous 
plug or a loosely fitting ground-glass joint, with any solution in which 
the electrode is placed. Such a connecting solution is called a salt 
bridge. Sometimes a beaker of potassium chloride solution is placed 


* Wolff and Waters, Bur. Standards Bull., 3, 623 (1907); 4, 1 (1907); Vosburgh 
and Derr, J. Chem. Education, 18, 87 (1941). 

{ The same cells calibrated before Jan. 1, 1948, read 1.0183 international volts. 

{There may be a small liquid-junction potential also (page 468). The present 
discussion assumes that this effect has been eliminated or that a correction has been 
applied. 
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between the calomel electrode and the electrode being measured, in 
order to minimize diffusion of mercurous ions into the solution. Elec- 
tric connection with the mercury is made through a platinum wire fused 
to a copper wire and sealed through a glass tube. 


— Operating cell 


Variable resistance 


nKCl 


Solution Hydrogen 


electrode 


Calomel 
electrode 


Platinized 
platinum 


Platinum wire 


Loose joint ; 
Solution of H* ions 


Fig. 110. Voltmeter—potentiometer with standard calomel electrode at left and 
hydrogen electrode at right. 


The electrode shown at the right of Fig. 110 is a hydrogen electrode 
in which hydrogen gas at 1 atm bubbles over a platinized platinum 
electrode immersed in a solution of hydrogen ions. When the hydrogen 
ions are at an effective concentration or activity of unity, the electrode 
is arbitrarily assigned a value of 0.000 volt and used as the standard 
to which all other potentials are referred. 

The normal calomel electrode contains a molar solution of potassium 
chloride and has a voltage of —0.2802 at 25° with reference to the stand- 
ard hydrogen electrode. ‘The saturated calomel cell contains saturated 
potassium chloride and has a potential of —0.246 with reference to the 
standard hydrogen electrode. It is used sometimes in special cases 
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where it is desired to minimize the effect of other electrolytes, but it is 
inconvenient on account of the deposition of salts and because of a 
larger temperature effect. 

Another reference electrode is the silver-silver chloride electrode. A 
silver wire or a deposit of silver on a platinum wire is partly covered 
with a thin coating of silver chloride, making it the anode in a chloride 
solution. The concentration of silver ions and chloride ions is fixed by 
the solubility of the silver chloride and maintained constant. The elec- 
trode is reversible with respect to both ions; that is, the ions can be de- 
posited on or produced from the electrode by reversing the current. 
This electrode is more difficult to prepare, but it is especially valuable 
for certain measurements. 

Voltage Measurement of Cells. A simple voltmeter cannot be used 
alone for measuring the electromotive force of a small cell, because the 
operation of the voltmeter causes some current to flow, thus initiating 
chemical changes at the electrodes and producing a different voltage. 
Furthermore, if any appreciable current is drawn, the internal resistance 
of the cell becomes a complicating factor. 

To avoid these difficulties the electromotive force is measured by 
balancing against the cell a known voltage under conditions such that 
practically no current flows. A simple and practical method for measur- 
ing the electromotive force of a cell is shown in Fig. 110. The cell shown 
there consists of a hydrogen electrode and a calomel electrode. The 
two electrodes are connected to a variable, measured voltage through a 
galvanometer and key. The operating cell, of higher voltage than the 
cell to be measured, is connected to an adjustable rheostat AB. As the 
sliding contact is moved. along the resistance, a smaller fraction AD of 
the total potential drop is intercepted, and the voltmeter connected 
across the resistance AD registers a lower voltage. The key is tapped 
momentarily as the sliding contact is moved until a position is found 
where the galvanometer is not deflected. At this position the voltage 
as read on the voltmeter is equal and opposite to that of the cell being 
measured. The cell is not altered by taking of the measurement, be- 
cause practically no current flows through it, since the galvanometer, 
which is sensitive to very small currents, is kept at zero. 

More accurate measurements of electromotive force are made with a 
potentiometer, the principle of which is shown in Fig. 111. As in the 
arrangement of Fig. 110, a measured potential is balanced against the cell 
through a galvanometer. In the potentiometer the opposing potential 
is not read on a voltmeter, but it is obtained accurately by connecting 
a known voltage across a uniform resistance AB. A sli#tling contact 
moves along the resistance, and the ratio of AD to AB measures the 
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fraction of the known potential drop which is picked off to oppose the 
voltage of the cell FH being measured. The opposing voltage is supplied 
by a working cell C connected through an adjustable resistance R to 
the terminals of the uniform resistance AB. This resistance is divided 
into ten or more equal parts and marked with numbers corresponding 


R 
iG; 
+ 7 
D 
GY 
A B 
G=a®)'S 
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G 


q] 


Fig. 111. The principle of the potentiometer in which the voltage of an unknown 
cell E is read directly from the electric resistances, after previous calibration with a 
standard cell S. 


to their resistances. Each of these small units of resistance is itself 
divided into 1000 parts (not shown in Fig. 111) so that the potential 
drop opposing the cell # can be adjusted to 0.0001 of a unit and less. 
In practice the double-throw switch is first connected to the standard 
cell S of known voltage, usually 1.0186 volt. The sliding contact is 
rotated to read 1.0186 and the key K is tapped momentarily as the 
external resistance R is adjusted, until the galvanometer G reads zero, 
showing that the voltage at 1.0186 is equal and opposite to that of the 
standard cell. When the voltage S is 1.0186 and ‘the resistance is also 
1.0186 units, each unit of resistance is equal to 1 volt, and the reading 
of the resistance is also the reading of the voltage.. Then the switch is 
thrown to connect the potentiometer to a cell H, the voltage of which 
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is to be measured. The contact D is again rotated to a position such 
that the galvanometer shows no deflection when the circuit is closed by 
the tapping key. Then the number on the potentiometer gives directly 
in volts the electromotive force of the cell ZL. 

Reversible Cells. The cadmium-—mercury cell and the copper-zinc 
cell are examples of reversible cells which can be brought back to their 
original state after operating a while, by application of a higher oppos- 
ing voltage and passage of current through the cell in the opposite direc- 
tion. In irreversible cells the original conditions cannot be restored by 
reversing the current, because some of the material involved has been 
removed, as, for example, when a gas is evolved or a precipitate formed. 
If more than an infinitesimal quantity of current is passed through the 
cell, some of the electric energy will be converted into heat and lost, so 
that the cell cannot be completely reversed unless extra external energy 
is applied. Under these conditions the work done will not be the max- 
imum work which might have been obtained. This maximum electrical 
work is definite, and it is of great value in thermodynamical calcula- 
tions. The measurements of irreversible cells are not significant in 
theoretical calculations, but they may be of value in practical measure- 
ments. Sometimes it is possible to determine from the experimental 
behavior of a cell whether or not it is reversible. For example, if me-- 
chanical agitation produces marked unsteadiness in voltage, or if the 
cell does not return to the same voltage after a larger current is allowed 
to pass momentarily, the cell probably is not reversible. 

The maximum electrical work which can be done per gram equivalent 
of material used in a galvanic cell can be calculated by multiplying the 
voltage by 96,500 coulombs, provided that the voltage is measured with 
a potentiometer and sensitive galvanometer using a negligible current of 
perhaps a millionth of an ampere or less. . 

Relation between Chemical Energy and Electric Energy. In earlier 
chapters we have seen that at constant temperature and pressure the 
changes in a chemical system can be measured in terms of the maximum 
work, other than pressure-volume work, which can be done, that is, 
the change in free energy AF. 

When a cell operates reversibly at constant pressure and temperature, 
the electrical work obtained per gram atom is nFE, where n is the valence 
change, F is the faraday or 96,500 coulombs, and £ is the voltage or 
electromotive force of the cell. This maximum electrical work in 
joules may be converted into calories by dividing by 4.1840. Then 
F corresponds to 23,060 cal per volt. In addition to the electrical work, 
some pressure-volume work may be done also, as, for example, when a 
gas is evolved by the operation of the cell. This pressure-volume work 
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at constant pressure done on or by the atmosphere is not included in 
the free-energy change AF. Neither is it included in the maximum 
electrical work. Then, 

AF = —nFE (1) 


According to this important equation, the electrical work done in a 
cell at constant temperature and pressure is equal to the decrease in 
free energy, whether or not there is a change in volume. 


Example 1. The voltage of a copper—copper sulfate zine sulfate—zine cell is 
1.107 volts. What is the free-energy change involved when the cell consumes a 
mole of zinc? 


AF = —nFE = —2 X 96,500 X 1.107 = —213,650 joules per mole 


213,650 
Te — 51,063 cal per mole 


The relation between the heat of reaction and the electromotive force 
of a cell may be obtained from the Gibbs—Helmholtz equation, 


0(AF) 
AF — AH = T{——— (2) 
Ol, 
which was derived on page 161. 
Substituting for AF its equivalent —nFE, we have 
OE 
AF = —nFE = AH — nFT — 
oT 
AH FE + nFT ee (3) 
= —n nFT — 
oT 


This equation expresses the electromotive force of a reversible cell 
in terms of the temperature coefficient of the cell and the heat of the 
chemical reaction occurring within the cell. It may be used to calculate 
the heat of reaction from the measured voltage and the temperature 
coefficient of voltage. Since the precision of electrical measurements 
is, in general, greater than that of thermal measurements, this indirect 
method often gives results which are more accurate than the calori- 
metrically determined values. 

As discussed on page 107, AH is the heat of reaction g, when the reac- 
tion takes place in a beaker or calorimeter at constant pressure and 
temperature, and no work other than pressure-volume work is done by 
the system. It is not the same as the heat of reaction gp when the same 
reaction takes place reversibly in the cell at constant pressure and temper- 
ature. Under these conditions the cell does electrical work, and, although 
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AH is the same because the initial and final states are the same, the 
values of gp are quite different. The heat absorbed g, when the cell 
operates reversibly is TAS, and ; 


aE 
TAS = AH — AF = FT — (4) 


Example 2. Calculate the value of AH for the reaction of the cadmium -silver 
chloride cell at 25° from the fact that the electromotive force is 0.67533 volt and 
the temperature coefficient is —0.000650 volt per degree. 


nF dE 2 X 96,500 : 
aS 4.1840 @ r =a) ~~ £TRAG. 2 (0.67533 + 298.1 0.000650) 
= —40,090 cal 


Calorimetric measurements on the evolution of heat give AH = 
—39,530 cal. 

Further examples are given in Table I. The agreement between the 
calculated and the experimental values of AH is entirely satisfactory. 


TABLE I 


EXPrRIMENTAL VERIFICATION OF THE GIBBS-HELMHOLTz EQUATION 


E, aE/aT, AH , AH (obs.) AF, 
Cell equation | calorimeter, nFE 
volts | volts/degree = 
3 cal 4.1840 
Zn, ZnCle(0.555m), 1.015 —0.000402 | —51,990} —52,050 — 46 , 830 
AgCl, Ag(0°) 
Cd, CdClp-23H20 0.67533 | —0.00065 | —40,080} —39,530 —31,160 
(satd.), AgCl, Ag(25°) ; 
Cd, CdCly-23H20 0.18806} —0.00048 | —15,250) —14,650 —8,67C 
(satd.), PbCle, Pb(25°) 
Pb, Pb(C2H302)2 0.4764 | +0.000385 | —16,900| —17,530 —21,990 


(0.555m), Cu(CoHs3- 
Oo)2 (satd.), Cu(0°) 


A comparison of the last two columns is particularly interesting. 
The electric energy in calories, nFE/4.1840, given in the last column, 
is the change in free energy which accompanies the reaction, and it is 
a measure of the maximum useful work at constant pressure and tem- 
perature less the pressure-volume work. 

For example, in the lead-copper cell AF — AH = —4,460 cal in 
agreement with a positive sign for the term nFT(dE/dT). 
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In the special case where the voltage of the cell is independent of the 
temperature (0E/dT = 0), the heat of reaction and the free-energy 
change are equal. According to equation 4, when nFT(dE/dT) has a 
positive sign, AH — AF is positive and AF has a larger negative value 
than AH. When 0£/0T has a negative value, that is, the voltage de- 
creases when the temperature is increased, AH — AF is negative and 
AH has a larger negative value than AF, and accordingly the heat 
evolved at constant pressure is greater than the maximum work which 
can be done by the cell. 

Classification of Cells. Several different types of electrodes and cells 
which find uses in the study of electrochemistry are shown in the sum- 
mary which follows. A semicolon indicates a contact between two dif- 
ferent phases. The symbol Pt indicates an inert electrode like platinum. 


Typrs oF ELECTRODES AND ELECTRODE REACTIONS 


1. Metal, metal ion Cu; Cutt 
2. Inert electrode, nonmetal in solution, ion Pt, Ip (s); I~ 
3. Inert electrode, ions of different valence Pisihet it, Het 
4. Inert electrode, gas, ion Pt, Bo: ar 
5. Inert electrode, neutral solutes in different states of 
oxidation Pt; CeHs(OH)e, CeH4Oe 
6. Amalgam electrode, ion (Cd + Hg); Cdtt 
7. Electrode, insoluble salt or oxide, ion Ag, AgCl; Cl— 


Any of these electrodes may be combined with any other to give a 
cell, the electromotive force of which is equal to the algebraic sum of the 
potentials of the two electrodes. If precipitation or chemical action 
occurs when the solutions surrounding the two electrodes are mixed, 
they must be kept separate with a salt bridge of potassium chloride or 
other suitable solution which permits the passage of an electric current. 

When the electrodes are combined in such a way as to give a liquid 
junction, that is, a contact between two different solutions, a small 
potential is created at such a liquid junction (page 468). It may be 
rendered nearly negligible by interposing a salt bridge of potassium 
chloride. The presence or absence of such a liquid junction is impor- 
tant in handling problems of electrochemistry. 

The cells may be classified as follows: 


A. Cells with liquid junctions: 
1. Different electrodes Tien Oy Cu 
2. Concentration cells Pt. le: Cl (== 1): Cig. = 0-1): 
Ho, Pb 


The activities a, or effective concentrations, of the electrolytes are 
given in parentheses. 
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B. Cells with the junction potential practically eliminated by means 
of a salt bridge, indicated by the sign ||: 


1. Different electrodes Zn; Zn*+* || Cutt; Cu 
2. Concentration cells Pt,Hs; Hie 30) | H* (a = 0.01); 
He, Ft 


Sometimes the junction potential is corrected by a calculation. 


C. Cells without liquid junction: 


1. Different electrodes Bi-Herhiss ClagOinort 
2. Concentration cell of metal (Hg + 10% Cd); Cdt*; 
(Hg + 1% Cd) 


Cells with liquid junctions between different electrolytes cannot be 
given exact thermodynamic treatment and are to be avoided for such 
theoretical studies. However, the cells in which the lquid-junction 
potentials have been practically eliminated by a salt bridge are used 
widely in the determination of the activity of ions as, for example, 
hydrogen ions. 

Electrochemical Conventions. The chemical equilibrium involving 
electrolytes is closely connected with the voltage of the corresponding 
galvanic cell. Either can be calculated from the other, and, in practice, 
a table of standard electrode potentials for the different ions is very use- 
ful for calculating the free-energy changes and determining the chemical 
equilibrium constants. The following conventions regarding the sign 
and the arrangement of the two electrodes facilitate these calculations. 

1. A substance is oxidized when it loses electrons; and it is reduced 
when it gains electrons. It is customary in electrochemistry to empha- 
size the oxidation reactions although it must be realized that, in every 
reaction involving electrons, reduction is taking place simultaneously 
with oxidation. 

For each of the oxidation reactions there is a corresponding electrode 
and a definite electrode potential. A few examples are given in Table II. 

There is a dynamic equilibrium between zine and zine ions; Zn atoms 
tend to go into solution with the loss of electrons to the electrode, and 
Zn** ions tend to take electrons from the electrode with the formation 
of Zn atoms. The potential of the zine electrode involves a balance 
between these two tendencies and depends in part on the number of 
collisions per second per square centimeter of zinc ions on the metallic 
zinc. Again, we may consider an inert platinum wire immersed in a 
solution containing a mixture of ferrous and ferric ions. The potential 
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of the wire will depend on the ratio of the two, the Fett ions tending 
to give electrons to the wire and the Fet** ions tending to take them 
away. Accordingly, in defining an electrode potential it is necessary to 


specify a definite concentration of reducing or oxidizing ions. 


TABLE II 


TypicaL OxIDATION REACTIONS AND OXIDATION ELECTRODE POTENTIALS 


Oxidation by Loss of Electrons Standard 
Oxidation 

Electrode Reaction Electrode Electrode 

Reduced Form Oxidized Form Potentel, 

E*, volts 

Zine Positive zine ions 3Zn = 4Zn*+ +e | Zn; Zntt 0.762 
Cadmium Positive cadmium ions | $Cd = 3Cdtt + e | Cd; Cdt+ 0.408 
Hydrogen Positive hydrogen ions 4H. =Ht+e Pt, Ho; Ht 0.000 
Positive ferrous ions Positive ferric ions Fet*+ = Fettt 4+ ¢ | Pt; Fett, Fet tt —0.771 
Negative chloride ions | Chlorine Cl- = 4Cl. + e Pt, Clo; Cl— —1.358 


2. The standard electrode potential E® is defined as the potential which 
exists when the electrode 1s immersed in a solution of the tons at unit 
acti a= 1).* 

8. All electrode potentials are referred to the standard hydrogen elec- 
trode (1 atm of hydrogen with hydrogen ions at unit activity) which is 
arbitrarily assigned an electrode potential of zero. E°p,, 4,;H+ = 0. If 
there is a greater tendency toward oxidation, that is, toward loss of 
electrons in an electrode reaction than in the reference reaction, 3H2 = 
Ht + e, the corresponding electrode is given a positive sign,} and, if 
there is a lesser tendency toward oxidation than in the case of hydrogen, 
the electrode is given a negative sign. The electrode with the largest 
positive oxidation potential is placed at the top of a table of electrode 
potentials, and the others are arranged in order of decreasing oxidation 
potentials. 

4. The reduced form of any metal or ion at unit activity will reduce the 
oxidized form of any metal or ion at unit activity which lies below it in the 


* The method of determining activities is given on pages 469 and 682. Usually a 
soncentration of 1 mole per 1000 g differs considerably from an activity of unity. 

+ In former editions of this book the electrode potentials were given as reduction 
potentials rather than oxidation potentials, and the signs were reversed. The elec- 
trodes above hydrogen such as zinc were given negative values. Although there are 
practical arguments for such a practice, the change has been made in the interest of 
greater uniformity among different authors. No fundamental change of electro- 
chemical conventions is involved. 
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table of E° values, that is, which has a less positive oxidation electrode 
potential. The magnitude of the electrode potential is a measure of the 
ease with which the element or ion will lose its electrons; thus, if E° for 
Zn; Zn*+* ig 0.762, and E° for Pt; Fett, Fett* is —0.771, the reduced 
form of the Zn; Zn** pair which is zine will reduce the oxidized form 
of the Fet+; Fet+* ion pair, which is ferric ion, and produce ferrous 
ion. The zinc loses its electrons more easily than does ferrous ion, and 
so the ferric ions acquire electrons from the zinc. The zinc is oxidized 
to zine ions, and the ferric ions become reduced to ferrous ions. The 
reaction is Zn + Fet*+* = $Zntt + Fe™™, and it takes place spon- 
taneously. 

The tables of electrode potentials are useful not only for qualitative 
predictions but for quantitative calculations of the equilibrium. To 
carry out these calculations without ambiguity, it is necessary to adopt 
further conventions in order to correlate the electromotive force of a 
cell with the chemical reaction occurring in the cell. 

5. The voltage or electromotive force of a cell is equal to the algebraic 
sum of the potentials of the two electrodes; and the cell reaction is equal to 
the algebraic sum of the two electrode reactions. A galvanic cell has two 
electrodes: an anode which takes up electrons from the oxidation reac- 
tions in the surrounding solution and passes them into the connecting 
wire, and a cathode which takes these electrons from the circuit and gives 
them to ions or atoms which thereby become reduced. 

6. Galvanic cells are arbitrarily written with the anode (the electrode 
which has an excess of electrons) at the left. The electromotive force of the 
cell is then arbitrarily assigned a positive value. 

Oxidation is then occurring at the left where the electrons are released 
either by the formation of positive ions, by the increase in valence of 
positive ions or by the discharge of negative ions. "The electrons then 
pass through an external connecting wire from the anode at the left to 
the cathode at the right, where they are absorbed by the discharge of 
positive ions or by some other reducing reaction. 

If the cell should happen to be written with the negative electrode at 
the right instead of at the left, the electromotive force of the cell is 
then given a negative sign. 

7. The cell reaction is split into two electrode reactions. The oxidation 
part whach liberates electrons is written as the reaction of the left electrode, 
and the reduction part which absorbs electrons is written as the re- 
action of the right electrode. 

Thus in the reaction Zn + Cutt = Zn** + Cu, Zn = Zntt + Q¢e 
is the oxidation reaction occurring at the left electrode, and Cutt + 2e 
= Cu is the reduction reaction occurring at the right electrode. 
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8. If the electromotive force of the cell is positive (that is, the left elec- 
trode is the anode), the cell reaction is spontaneous; and, if the cell reaction 
as written 1s spontaneous, AF has a negative value, the electromotive force 
of the cell E is positive, and the electrode at the left is the anode. 


These relations follow directly from conventions 6 and 7; the funda- 
mental equation, AF = —nEF; and the generalization that spontaneous 
reactions at constant temperature and pressure have a negative value 
of AF. 


A few examples will serve to illustrate these conventions. 


WE 


@ 


Anode Cathode 
H*: H,, Pt 


Ext: 4, Pp, = 0.0 


Zn; Zn** 
EB’ 7p: Intt = 0:762 
E® = 0.762 + 0.0 = 0.762 


3Z2n = $Zn++-+ e = oxidation 
H+ + e = 4H» = reduction 


Left 
Right 


Cell 42Zn + Ht = 3Zn+++4 $He 


VEE 


@ 


Anode Cathode 


Si hag CECI, Pt 
En: zntt = 0.762 E°o-. Ch, pt = 1.358 


E® = 0.762 + 1.358 = 2.120 
47n = $Zn++ + e = oxidation 
4Cle +e = Cl = reduction 


Left 
Right 


YLBE 


@ 


Anode Cathode 
Zn; Zn** Ca**.Ca 
Een: gnt++ =0.762 E°cqtt: ca = — 0.402 


E® = 0.762 + (—0.402) = 0.360 


Left 4$Zn = $Zn*+*-+ e = oxidation 
Right 3Cd+++ e = $Cd = reduction 
Cell $2Zn-+ $Cdt+ = $2Zntt 
+ 3Cd 
Bye oe 
Anode Cathode 
Zn; Zn** Fe** Fett? Pt 


Pon: gatt = 05762 
E°yet+, rettt; pp = 0.771 


E® = 0.762 + 0.771 = 1.533, 
4%7n = 42Zn+t+ + ¢ = oxidation 
Fet+++ ¢ = Fet+= reduction 


Left 
Right 


4Z7n + 3Cl = 3Znt* + Cl- 


4Zn + Fet++ = $Znt+ 
+ Fett 


In these four examples the anode is written at the left, Z° has a posi- 
tive value, AF has a negative value, and the cell reaction as written is 


spontaneous. 


In the following example the anode is written at the right contrary 
to the conventions. Then E° has a negative value, AF has a positive 
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value, and the cell reaction 4H, +4Zn** = Ht + 4Zn cannot take 
place spontaneously. 


SJ 


e 


Cathode Anode 
Pt H,;H* Zn**: Zn 
Ep, ua; Ht = 0 E°entt: zn = —0.762 
E® = 0 +(—0.762) = —0.762 


Table of Standard Oxidation Potentials. In Table II a few electrode 
potentials were given to illustrate their application. Many additional 
ones are included in Table III. 

The electrode at the left is, of necessity, written in the order electrode: 
ions and has the electrode potential given in the table (if the ions are at 
unit activity). The electrode at the right, however, has to be written 
in the order ions:electrode, and its sign as given in Table III must be 
reversed. * 

The values of E° are obtained by making electromotive-force measure- 
ments at several dilutions and extrapolating a function of the voltage 
to infinite dilution, as explained on page 682. Considerable ingenuity 
and care are necessary in obtaining these values of E°. 

In practical laboratory work the normal calomel cell is usually used 
as a reference electrode rather than the standard hydrogen electrode. 
If an electrode potential is measured against the normal calomel cell at 
25°, it is necessary to subtract 0.280 volt in order to obtain the potential 
which the electrode would have if measured against the standard hydro- 
gen electrode. 

It should be emphasized that the sign of an electrode potential is deter- 
mined by reference to the standard hydrogen electrode. If it is positive, 
the reduced form will reduce hydrogen ion spontaneously to hydrogen; 
and, if it is negative, the reduced form will not reduce hydrogen ion— 
the ions being at unit activity in all cases. 

The sign of an electrode in a galvanic cell, however, is not dependent 
on the hydrogen electrode but is determined by the other electrode 


* The important convention to observe is that the electrodes recorded in Table III 
are standard oxidation electrodes written in the order, electrode:ions, regardless of 
whether positive or negative ions are involved. Thus, when Zn:Zntt+ is the left 
electrode, the potential is +-0.762 as given in the table, but, when the electrode is 
placed at the right, it must be read Zn**:Zn and its potential is —0.762. Some 
books record the standard reduction potentials instead of oxidation potentials and 
give Znt+; Zn. E° = —0.762. 
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TABLE III 


STANDARD OXIDATION ELECTRODE POTENTIALS ! 


All ions are at unit activity. The potential is then designated by E°. The tem- 


perature is 25°. 


Electrode 
(Anode) 
(Oxidizing Electrode) 


E° in absolute 


volts 


(Standard 


hydrogen 


electrode = 0) 


Electrode Reaction 
(Anode Reaction) 
(Oxidation Reaction) 


Li; Lit 

KenKas 

Na; Nat 

Zn; Znt* 

Fe; Fett 

Pts Crem Crista 
Cd; Cdtt 

Og Wis 

Pb, PbBre (s); Br— 
Coron 

Ni; Nit* 

Ag, Agl (s); I~ 

Sn; Sntt 

Pp! Pbot 

Pt, De; Dt 
Perens. 

Pt; Atari ig Berea 
Ag, AgBr (s); Br— 
Pt; Sntt, Sntt++ 
Pt-Ca’, Cat? 

Ag, AgCl (s); Cl— 
Normal calomel electrode ? 
Cu; Cutt 

Pt, Ty (s); i 

Pt; quinhydrone (s), Ht 
Pt: Fett, Fett+ 


Pe ti, Chet 

Pt, Cle g); Cl~ 

Pb, PpOz; Pbt* 

Pt: Comite (Camara 
BtsCs 7, Cots 


3. 
2. 
2. 
0. 


OOS OS SiS OOO 


025 
923 
713 
762 


Li = Lit +e 
K=Kt+e 
Na = Nat +e 


47n = 342Zn** +e 

4Fe = 34Fett +e 

Crit = Crtke +e 

1@d = i1Cdtt +e 
Tl=Tl' +e 

4Pb + Br~ = 4PbBre + e 
3Co = 4Co** +e 

Ni = INi** +e 
Ag+I- = Agl +e 

18n = 18ntt + e 

1Pb = 1Pbtt +e 

4Do = Dt +e 

$He => ler + é 

Tit = Tee tee 
Ag + Br~ = AgBr +e 
1Sntt+ = Gnttt++ + ¢ 
Cut = Cutt +e 

Ag+ Cl— = AgCl +e 
Hg + Cl~ = 2HgeCle + e3 
3Cu = #Cutt +e 

I =ih+e 

3CgHeO2 = 4CpHO2 + H* + € 


tHgott — Hgt+ hheegs 

Br— = 4Bre (l) +e 

4TI+ = 3TIt*+ +e 

CI— = $Clo G) +e 

1Ppt+ + H.O = 2PbO2 + 2Ht 4+ 
Cett+ = Cettt£E+ ¢ 


Cott = Gottt +e 


1 Most of these standard electrode potentials have been corrected to agree with 
those given by Latimer in “The Oxidation States of the Elements and Their Poten- 
tials in Aqueous Solutions,’’ Prentice-Hall, New York, 1938, page 294. 

2 The concentration of KCl is by definition 1 mole per liter. 

3 There is evidence that the mercurous ion is doubled, giving not Hg* but }Hg2t*. 
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which comprises the galvanic cell. For example, a cadmium electrode 
is the anode and releases an excess of electrons when it is connected to 
a copper electrode in a cell; but the same cadmium electrode is the 
cathode which takes up electrons from the external circuit, when it is © 
connected to a zinc electrode. The wire connected to the cadmium 
electrode then is negatively charged in a cadmium-—copper cell, but it is 
positively charged in a cadmium—zine cell. 

The sign of the electromotive force of the cell involves a convention 
- which has no significance as a laboratory measurement. According to 
convention 6, the electromotive force of the cell is arbitrarily defined 
as positive when the anode, the electrode with the greater tendency to 
give up electrons, is written on the page at the left. 


Example 3. Give the cell reaction, and calculate the electromotive force and 
the free-energy change at 25° involved in the cell, 
Zn; Zn*t (a = 1)||\Cut*+ (@= 1); Cu 
The cell reaction is 
Left 4Zn =34Zn++-+e (written as an oxidation) 
Right 3Cut++-+e=4Cu (written as a reduction) 
32Zn--+ 3Cutt = $Zn** + 3Cu 
Eo = E% yn. ptt + EXcutt; oy = 0-762 + (+0.345) = 1.107 
Because E of the galvanic cell has a positive value, it can be stated that the 
electrode at the left is the anode. 


The free-energy change in going from the standard states for Zn and Cut++ 
to Cu and Zn** is calculated as follows: 


AF® = —nFE° = —1 X 96,500 X 1.107 


Il 


— 106,825 joules 


106,825 
Vesa — 25,530 cal 
The electromotive force of a cell is the sum of the potentials of the two elec- 
trodes or half-cells, and the free energy of a reaction is the sum of the free 
energies of the electrode reactions. Multiples of the reaction may be taken 
without changing the potential, but the free energy is changed owing to the 
factor n in the equation AF = —nFE. 


Thus, if the reaction given in example 3 is written 
Zn + Cutt = Zn** + Cu 
E°=1.107 but AF=—nFE°=—2 x 96,500 X —— cai 060 cal 
4.1840" j 


The voltage is the same as for }Zn + $Cu**, ‘but the free energy is 
doubled because the chemical reaction involves twice as much material. 
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Since £ for the cell in example 3 has a positive value, AF has a nega- 
tive value, and, accordingly, metallic zine will reduce copper ion to 
copper. Most students of chemistry would know that zine will pre- 
 cipitate copper from solution, but there are many cases in which the 
direction of spontaneous reaction is not known, and it is then a simple 
matter to calculate whether the reaction as written is spontaneous or not. 


Example 4. Write the cell which corresponds to the reaction, 
3Cu (s) + $Cle g 1 atm) = $Cut* (a = 1) + Cl- @ = 1) 
Cu (s) = $Cut+ +e (oxidation) 
3Clz (g 1 atm) + e = Cl~ (reduction) 
If the oxidation reaction is placed at the left and the reduction reaction at the 
right, the cell is written 
Cus) Cur (a= 1) || Cl> @ ="1); Cl, Pt 


Oxidation Reduction 


Calculate the voltage and the change in free energy of the reaction at 25°. 


Eo a Pou: Cutt of Por: Cle, Pt — —0.345 a (+1.358) —— 1.013 
96,500 
4.1840 


Copper and chlorine will react spontaneously to give cupric ions and chloride 
ions. 

Example 5. Witl ferrous ion reduce iodine to iodide ion at 25° according to 
the reaction: 


AF° = —nFE* = —1 X X 1.013 = —23,360 cal 


Fet+ + 41, (s) = Fet*+ + I- 
Pt: Fett, Fett |isid, (s)p Pt 
E° = E*,. Fett, Fettt+ -+ E°,-, Io, Pt = —0.771 + (+0.535). — — 0.236 


96,500 
4.1840 


The positive value of AF° (or negative value of £°) indicates that the reaction 
will not go spontaneously; that is, solid iodine will not react with ferrous ion 
at unit activity to produce ferric ion at unit activity and iodide ion at unit 
activity. 

However, if the reaction is written in the opposite direction Fet++ + I- = 
Fe++ + $1,(s), and the oxidation reaction I~ = $I; + e placed at the left, the 
cell is written 

Pt Ts) lee 1) Fey Rett @.=1)s Pt 


AF = =F = = (-1 x x 0.236) EEA cal 


Then, 


E° = Ep. .1- + E%vett, vettt: pp = —0.535 + (+0.771) = 0.236 
and beer 
AF® = —nFE® = —1 x —— OLY wee ey 
n x 4.1840 xX 0.236 5445 cal 
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The negative value of AF® (or the positive value of E°) signifies that the 
reaction as written is spontaneous; that is, iodide ion will reduce ferric ion to 
ferrous ion or ferric ion will oxidize the iodide ion to iodine. 


This reaction illustrates convention 4, according to which for any 
electrode the atom or ion in the lowest state of oxidation (with the most 
electrons) will reduce the oxidized form of any atom or ion which has a 
position lower in the table of standard electrode potentials (all ions 
being at unit activity). 

Chemical Equilibria and Electromotive Force. It was shown on 
page 269 that, in a reaction, 


aA + bB = 9G +hH 


g x h a’ 8 x a’ h 
A oR ln ee ee 
QA aB iy x a'p 

= —RTnK +RTINQ (5) 


where K represents the equilibrium constant involving the effective 
concentrations in a state of equilibrium, and Q represents the activity 
quotient, that is, the ratio of the activities of the products to the activi- 
ties of the reactants at any specified activities. 

Remembering that according to equation 1 


AF = —nFE 
and substituting equation 1 into equation 5, we have 


ee ae Sate P 
Bey ap (6) 


When the reaction is so planned that the reactants start at unit 
activity, and the final products are produced in concentrations such 
that their activities are unity, then AF is written AF° and the last 
term becomes zero. Then equation 5 becomes 


AF® = —RT INK 


Also, in this special case where all the reactants and products are at 
unit activity, E is defined as E°. Then, 


pth K 
Fy nF ‘ @) 
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Substituting equation 7 into equation 6 gives 


f= Pict (ee pee 
[Ne OCW atl nF 
eons 8.314 X T X 2.303 log Q (8) 
n X 96,500 
When T = 298.1 and n=1 
E = E° — 0.0591 log Q (9) 


These equations are extremely important in the study of electro- 
chemistry. Many special formulas concerned with theoretical and 
practical applications of electromotive-force measurements follow 
directly from them. Equation 7 is used for calculations involving sys- 
tems at equilibrium, and the more general equation 8 is used for systems 
which are not in a state of equilibrium. 


Example 6. Calculate from electromotive-force data the equilibrium con- 
stant for the reaction between tin and lead and their ions at unit activity, thus: 


Sn + Pb++ = Pb + Sntt 
Splitting up the reaction into the two electrode reactions, 
Sn = Sn*+ + 2e and Pbhtt + 2e = Pb 


and putting the oxidation reaction at the left in the correspending cell at 25°, 
we have 
Sn;Sntt (@ = 1) || Pbt* (a= 1); Pb 


FE? = Fy. gn++ + E®ppt+; pp = 0.140 + (—0.126) = 0.014 volt 
E> = 0.014 and AF° = —nFE° = —643 cal 


RT 8.314 X 298.1 X 2.303 
mel eg a log K = 0.0296 log K 
ey ae 2 X 96,500 “3 Me 
[ne easly Oy 
Apptt 


In other words, when tin is added to a solution of lead salt, a state of equilibrium 
is reached in which the activity of the tin ions is 2.97 times as great as that of 
lead ions. 

In checking this equilibrium Noyes and Toabe added metallic tin to a solution 
of lead perchlorate at 25° and found at equilibrium 0.0716 mole of tin perchlorate 
and 0.0242 mole of lead perchlorate per liter, If we assume that the concen- 
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trations of tin perchlorate and lead perchlorate may be used in place of the 
activities, * 
Ggntt+ _ 0.0716 


= ——— = 2.96 
Appt+ 0.0242 


In order to approach the equilibrium from both sides they also added lead 
to a solution of tin perchlorate and found at equilibrium 0.0704 mole of tin 
perchlorate and 0.0233 mole of lead perchlorate per liter. 


_ Agnt+ _ 0.0704 


x == Bey 
Appt+ 0.0233 c 


Carrying out a similar calculation for the addition of zinc to copper 


ions, we find that E° = 1.1071 and K = “as — 1037, In other 
aeutt 

words, the removal of copper ions by zinc is practically complete. 
With reference to Table III any electrolyte in the reduced or “‘ous”’ 

state (at unit activity) will tend to reduce any electrolyte in the oxi- 

dized or ‘‘ic”’ state (at unit activity) which is lower in the table. Any 

combination of electrodes may be made, and from the corresponding 

voltage the equilibrium constant may be calculated. 


Example 7. To what extent will mercuric ion be reduced by the addition of 
ferrous ion at 25°? 
The cell is 


Pt; Fet+\(@ = 1), Fet*+* (a = 1) || Hgt* (a = 1), Hget* @ = 1); Pt 
EY = Boyne, pet tt + EX caet+, neste 


—0.771 + 0.910 = 0.139 


ll 


The cell reaction is 
Fet+ + Hgt+ = Fet++ + 1Hg,++ 


8.314 X 298.1 X 2.303 
E? = 0.139 = 
1 X 96,500 tee 


Apett+ X @ (+ A 
K = <—__—_* — = antilog 2.350 = 224 


Apet+ X Aggt+ 


This calculation shows that the ferrous ion reduces the mercuric ion to such 
an extent that, at equilibrium, the product of the activity of the ferric ion by 
the square root of the activity of the mercurous ion (Hg,++) is 224 times as 
great as the product of the activities of the ferrous and mercuric ions. 


* This assumption is not safe except in very dilute solutions. The error involved 
is reduced in cases of this kind where all the ions have the same valence and the 
correction factors tend to cancel out. 
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These examples have served to illustrate equation 7 which gives 
the relation between the equilibrium constant and the standard elec- 
trode potentiais. The more general equation 8 which shows the rela- 
tion among E, E°, and Q will now be applied. It can be used to calculate 
the voltage of a cell when the ions are not at unit activity and to calcu- 
late the activity of ions from a measurement of the electromotive force 
of the cell. 


Example 8. Calculate the potential of the following cell at 25°. 
Sn; ont (a= 06) {|| Pb** (@'= 0:3); Pb 
which is similar to that shown in example 6. The cell reaction is 


Sn + Pbt+ = Snt++ + Pb 


kT 0 RT Agntt 
13) =. 1B oe E Si er eS 
0.0591 0.6 
= 0.0140 — 0.0089 = 0.0051 volt 
96,500 
AF = —EnF = —2X 2.1840 < 0.0051 = —235 cal 


The free energy decrease AF for this reaction is less than AF” for the reaction 
where both reactants and products are at unit activity (example 6), because 
here the specified activity of the products is greater than the specified activity 
of the reactants. The activities 0.3 and 0.6 are arbitrarily assigned and are 
not to be confused with the equilibrium concentrations. 


The validity of equation 8 may be illustrated by determining the 
potential of the ferric-ferrous electrode using the cell, 


Pt, He (1 atm); Ht (a ='1) | Fett (4 = 2), Fettt (= y); Pt 


The cell reaction is 
+H, a8 Her = hats ke He 


Applying equation 8 
RT aut X apet+ 


eager 
NE Ogg” KX Gpettt 


(10) 


E® is the electromotive force of an inert electrode surrounded by equal 
activities of ferrous and ferric ions when measured against the standard 
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hydrogen electrode, for, when ap.++ and ap.+++ are equal, the last term 
becomes zero. 

E°, as calculated from the data E of Peters,* shown in Table IV, is 
reasonably constant even though the ratios are the ratios of concentra- 
tions rather than activities. 

TABLE IV 


CHANGE oF VOLTAGE witH CHANGE IN Ratio oF OxipizINa TO Repucine Ions 


Crett+/cyrett | 0.5/99.5 | 2/98 | 10/90 | 30/70 | 50/50 | 80/20 


—E 0.580 | 0.615 | 0.655 | 0.690 | 0.713 | 0.747 
—E° ORF LES OL 712 805710 (nO el Onsen On gee 


The absolute values of E° are only approximate, because no attempt 
was made to obtain activities. The solutions were made tenth-normal 
with respect to hydrochloric acid to prevent hydrolysis. 

Popoff and Kunz have investigated this system more fully, extrapolat- 
ing to zero concentration of iron ions and zero concentration of hydro- 
chloric acid. They obtained a series of values of E° in progressively 
more dilute solutions of ferrous and ferric chloride and extrapolated to 
infinite dilution of iron chlorides. This extrapolated value of E° in 
N/10 hydrochloric acid is —0.731, an accurate value obtained with 
activities instead of concentrations. There is a complication, however, 
in that the hydrochloric acid changes the character of the solution and 
affects the value of E°. A value of —0.747 for E° in"pure water was ob- 
tained by determining the extrapolated value of E° in solutions of dif- 
ferent normality with respect to hydrochloric acid and extrapolating 
these values to zero concentration of hydrochloric acid. The value is 
somewhat in doubt on account of hydrolysis. Schumb and Sweetzer 
obtained a value of — 0.783 by measuring the equilibrium between silver 
and ferric perchlorate. The value selected by Latimer is — 0.771. 

Concentration Cells. When two electrodes of the same material are 
immersed in solutions of their ions at the same concentration, there 
will be no difference of potential. If, however, the two solutions are of 
different concentrations, the cell will exhibit a definite electromotive 
force which depends on the ratio of the activities of the ions in the two 
solutions. Such a cell is represented by the arrangement 


M; M* (ay) || M* (az); M 


* Peters, Z. physik. Chem., 26, 193 (1898). 
7 Schumb and Sweetzer, J. Am. Chem. Soc., 57, 871 (1935). 


CONCENTRATION CELLS 455 


Writing the cell reaction in such a way that the left electrode is 
oxidized and the electrode at the right is reduced, we have 


M = M*() +e 
M*(a2)+e=M ai 
M*(az) = M*(ay) 


The mathematical formulation of this cell is particularly simple 
because the reactants and the products are the same. Referring to the 
fundamental formula 8, placing the products in the numerator as 
usual, neglecting solids because the activities of solids are taken as unity, 
and considering only the activities of the M~ ion, we find 


1F a 


RT ' 
But E° = opin K, and for this case K = 1 because equilibrium is 
a 


established only when a; = do. 
Then E° = 0, and 


E=- In — (12) 


If, for example, the concentrations of the univalent metal ions are 
such that a; = 0.01 and az = 0.1, the electromotive force is given by 
the relation, 


8.314 X 298.1 X 2303 0.01 ; 
oS ae She — = 0000! volt 
96,500 0.1 


The positive value of E shows that the reaction is spontaneous; that is, 
there is a tendency for ions at a2 = 0.1 to diffuse into the more dilute 
solutions where a; = 0.01. The electrode, immersed in the solution of 
positive ions where az = 0.1 is positive with reference to the more dilute 
solution, because there are more collisions of positive ions per second 
per square centimeter on the surface of the electrode. Inasmuch as 
this positive electrode is placed at the right, the electrode at the left is 
negative with respect to it, and the electromotive force of the cell has a 
positive value in agreement with convention and in agreement with the 
calculations of equation 12. 


Ezample 9. Jf the more concentrated solution of activity 0.1 had been placed 
at the left instead of the right, the negative electrode would have been at the 
right, and, according to convention, the electromotive force of the galvanic cell 
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would have had a negative value. This convention is in agreement with the 
calculations just developed. 


8.314 X 298.1 X 2.303 | 0.1 


= —0.0591 
96,500 °80.01 


Bites 


The cell reaction M+ (ag = 0.01) = M* (a; = 0.1) is not spon- 
taneous. 

In dilute solutions, where the activities are nearly the same as the 
concentrations, equation 13 may be used as an approximate form of 
equation 12 for positive ions where c; is the concentration at the left 
electrode and cz is the concentration at the right. 


E> — hI — (13) 


If the cell is made with negative ions M7, such as iodide ions, the 
arrangement is 


M; M~(a) || M~(a2); M 
The cell reaction is 
Left electrode M(a,;)=M-+e (oxidation) 
Right electrode M +e = M (ag) (reduction) 


M(a;) = M (az) 


and the formula for the voltage of the concentration cell with negative 
ions is 


Se 14 
Pies a (14) 


In another type of concentration cell the activity of ions in solution 
is uniform throughout the cell, but the concentration of the material in 
the two electrodes is different. For example, if two hydrogen electrodes 
at different pressures of hydrogen are placed in a solution of hydrogen 
ions, the electrode which has hydrogen at the greater pressure will 
tend to produce more hydrogen ions and, thus, make the electrode 
negative with respect to the other. The electromotive force of the cell 
can be calculated from the partial pressures. Thus: 


Pt, H2(p1); is H2(p2), Pt 


H2(pi) = He(p2) 


The cell reaction is 


and 
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Example 10. Two hydrogen electrodes are set in a solution of hydrochloric 
acid at 25°. The pressure of hydrogen over one is 1 atm, and over the other it 
is 0.5 atm. This reduction in partial pressure of hydrogen is accomplished by 
mixing the hydrogen with helium or nitrogen or other inert gas. What is the 
electromotive force of the cell? 

If the electrode at 1 atm is placed at the left p; = 1 and 
IGhE _ 0.0591, 0.5 


heer log = 0.0089 volt 


E= 
nF py 2 ii 


The Hydrogen Electrode. The experimental determination of the 
activity of hydrogen ions in a solution is of great practical importance, 
and the hydrogen electrode was the first means of making these deter- 
minations. It still remains the standard of reference, although more 
rapid and convenient electrodes are now available for many routine 
measurements. 

Hydrogen gas does not conduct the electric current, and it cannot 
be used alone as an electrode, but, when adsorbed on the surface of 
platinum, it behaves just as if it were a metallic electrode, and the 
reaction, 

+H = Ht +e 


is completely reversible, as shown by laboratory tests and by thermo- 
dynamic criteria. Hydrogen ions apparently can break away from 
the layer of hydrogen atoms adsorbed on the surface; and the platmum 
acts as an inert electric conductor without entering the reaction of 
the cell. To act efficiently, the electrode must be covered with plati- 
num black to give a large surface area for adsorption. The electrode 
is arranged in such a way that hydrogen bubbles up around the plati- 
num, or else the electrode is immersed partly in the solution and partly 
in the hydrogen. The level of the liquid is changed as the gas bubbles 
out from a glass hood which surrounds the electrode, and, thus, the 
electrode is bathed alternately with hydrogen and with the solution. 

Numerous forms of hydrogen electrodes have been devised but the 
general form already shown in Fig. 110 is satisfactory. In accurate 
work the hydrogen must be at a definite known pressure, and it must 
contain no oxygen. Corrections may be made for the vapor pressure 
of water. Several solutes may interfere with the proper operation 
of the hydrogen electrode, particularly oxidizing agents or platinum 
poisons. 

Any oxidizing substances such as ferric or nitrate ions or chromates 
or unsaturated organic compounds which can be reduced by hydrogen 
in the presence of platinum must be avoided. Traces of arsenic and 
sulfur compounds may react with active platinum atoms at the surface 
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thus diminishing the adsorptive properties for hydrogen and giving 
erroneous potentials. 

In some solutions it is not feasible to bubble hydrogen through the 
cell because the solution is in equilibrium with other gases which would 
be swept out by the hydrogen. For example, in determining the hydro- 
gen ion activity in blood, hydrogen is shaken in a closed cell with the 
platinized platinum electrode. If hydrogen is swept through the cell, 
it will remove carbon dioxide with a consequent change in the hydrogen 
ion concentration. 

The determination of hydrogen-ion activity with the hydrogen elec- 
trode is merely an application of formula 12 for the electromotive force 
of a concentration cell, set up in principle as follows: 


PHS =) Gy eh Geet 


One of the two hydrogen electrodes under a hydrogen pressure of 1 atm 
is placed in a solution of H* ions having an activity of 1, and the other 
hydrogen electrode is placed in a solution in which it is desired to 
measure the activity of hydrogen ion. The two solutions are connected 
by a salt bridge, and the electromotive force of the cell is measured with 
a potentiometer. 

The cell reaction is 


+H, = Ht(a) +e (oxidation at the left) 
e+ Ht (a= 1) = 4H, (reduction at the right) 
H. (@ =.1) = Ha) 


and, applying equation 12, we have 
E = — —I|In— = — —lJ]nagt+ (15) 
nF 


In practice it is much easier to use a normal calomel cell in place of a 
standard hydrogen electrode. Careful measurements have shown that 
the normal calomel electrode with a normal KCl bridge is negative with 
respect to the standard hydrogen electrode by 0.2802 volt at 25°. 

The formula for the hydrogen electrode at 1 atm pressure against a 
normal calomel electrode with a normal KCl bridge at 25° is 


E — 0.2802 = —0.0591 log ay+ (16) 


Although this formula applies strictly only to activities of hydrogen 
ions, it can be used with fair approximation in dilute solutions for the 
concentrations of hydrogen ions. 
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There is an uncertainty regarding the junction potential which pre- 
vents the accurate determination of absolute values of individual ion 
activities. No matter what the theoretical background is, the practical 
value of the hydrogen electrode has been abundantly established. The 
voltage measurements obtained from hydrogen electrodes are corre- 
lated, quantitatively, with a wide variety of chemical and biological 
phenomena. 

The fundamental difference between hydrogen-ion activity as regis- 
tered by a hydrogen electrode, and the number of milliliters of alkali 
which are needed to neutralize the acid, must be clearly understood. 
The latter corresponds to a “reserve” acidity, that is, to ionized and 
un-ionized acid, but the former gives the actual conditions of acidity, 
that is, hydrogen-ion activity. 

pH. Hydrogen-ion activities are determined down to very low values, 
and in order to avoid the nuisance of writing one to a dozen and more 
zeros to describe them, it has been found useful to use an exponential 
notation. The term pH first proposed in 1909 by Sorensen is widely 
used. It is defined as the negative exponent of 10 which: gives the 
hydrogen-ion activity. 

Thus, 

10778 = ayt 
or 
1 
log —— (17) 


ayqt 


pH = — log agt 


Example 11. What is the activity of hydrogen ions in a solution which has 
a pH of 4? 
dat = 1072" = 10>*= 0.0001 


What is the pH of a solution in which the activity of H* is 0.0002? 
1 1 
— Ss . ——_—_—— = ] o i 8 = 3.6 * 
pH = log AE log 5 10! og 5 X 10 99 


Equation 16 for the hydrogen electrode at 1 atm pressure and the 
normal calomel electrode can be converted into equation 18. 


E — 0.2802 = —0,0591 log ay+ = 0.0591 pH 
or 


E — 0.2802 
j O18 Wie emcees areas (18) 
0.0591 
*The calculation may also be made as follows: pH = —logay+ = —log (2 X 
10-4) = —(4 + 0.301) = 3.699. Further examples of negative logarithms of this 


type are given in Daniels, “Mathematical Preparation for Physical Chemistry,” 
McGraw-Hill Book Co., New York, 1928, page 11. 
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It is shown on page 490 that the product of the hydrogen and hydroxyl 
ions at 25° in any solution is always 


ayt mK Ou — ILS 107" 


Thus, if a solution contains exactly as many hydroxyl ions as hydrogen 
ions, the solution is neutral, and aq+ = doq- = 10~’. The pH of a 
neutral solution then is 7. Addition of an acid increases the value of 
ay+ and gives a pH less than 7. Addition of a base with its extra OH 
ions reduces the value of aq+ and increases the pH above 7. 


Example 12. What is the activity of hydrogen ions and the pH of a solution 
which has an activity of hydroxyl ions adgy- of 0.001? 


1x04 1<.10-# 


Gyt == =5 
adou— Ome 


=1xX 10 


pH = — log agt = — log 10" = 11 


Table V gives the activities of hydrogen ions and the pH of typical 


solutions. 
TABLE V 


ACTIVITIES AND pH or TyricaL Acips AND Basks 


Moles 
Solute per liter aqt pH 
Hydrochloric acid 1.0 8:0 104 0.1 
Ost S25 el Om 1.07 
0.01 9.6. < 16" 2202 
0.001 9.7 5C 10 3.01 
Sulfuric acid 0.05 59 On 1223 
Acetic acid 1.0 AN) Se re Deo 
Q.1 ARS I ea ey 2.87 
0.01 apo oc Oms 3.37 
Ammonium hydroxide 1.0 bare Seis ULF 
OFL ‘a9 Se Ib Leer 
0.01 1m lO ms 10.77 
Sodium hydroxide FO S29 aillOal2 14.05 
0.1 S55 10s%* 13.07 
0.01 Topcon 12.42 


Other Electrodes for Measuring Hydrogen-Ion Activities. The prac- 
tical limitations of the hydrogen electrode in certain solutions has been 
discussed. A wide selection of colorimetric indicators is available which 
change color at definite pH’s. They are used extensively in analytical 
work, but they are limited to transparent solutions, and, as a rule, they 
are less accurate indicators of pH than the electrometric methods. 
Theoretically, any reaction involving hydrogen ions or hydroxy] ions 
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can be used, provided a suitable reversible electrode is available. The 
three most important electrodes used for measuring hydrogen—ion ac- 
tivity are described here briefly. 

The Quinhydrone Electrode. When a little quinhydrone is dissolved in 
a solution and a platinum or gold or other inert electrode is introduced, 
the potential of this electrode may be used to determine the activity of 
hydrogen ions in the solution. A molecule of quinhydrone contains one 
molecule of quinone (CgH4O2) and one of hydroquinone [CgH4(OH),] 
held together in a loose compound. Hydroquinone is a weak acid dis- 
sociating slightly according to the reaction, 


CeH4(OH)2 = CeHi02~— + 2Ht 


Quinone may be reduced to hydroquinone zon by the addition of two 
electrons according to the reaction, 


CgH402 + We = C.H,0. 


Then the hydroquinone ion combines with hydrogen ions to give hydro- 
quinone, according to the reverse of the first reaction. The whole 


reaction is 
2Ht + CgH4O2 =F 26 = CegH4(OH),2 


Quinone Hydroquinone 
Substituting into equation 8, we find that the quantitative relation is 


R if Qbydroquinone 


2 
2F ayr x Qgquinone 


Since the concentrations of quinone and hydroquinone are equal, 

because the quinhydrone added contains an equal number of moles 

of each, the ratio of their activities is nearly unity, and we have at 25° 
0.0591 


E = E,°+ - 


log ay+ 


= E,° + 0.0591 log ag+ = E,° — 0.0591 pH (19) 


where —E,° is the voltage of the quinhydrone electrode against a hy- 
drogen electrode in a solution of unit activity of hydrogen ions. When 
ay+ = 1, experiment shows that E is 0.6996. This, then, is the value 
of Es 

When £ is referred to the normal calomel electrode, 


0.6996 — 0.2802 —E 0.4194 —E 


(20) 
0.0591 0.0591 


pH 
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The quinhydrone electrode is very simple and convenient, and it is 
not easily poisoned. It cannot be used in strongly alkaline solutions on 
account of the oxidation by air of the hydroquinone above a pH of 8, 
and it may give inaccurate results in concentrated salt solutions, be- 
cause the activity of the quinone and hydroquinone may be affected 


Chyd j 5 : : 
——r—r is unity, the ratio 


differently, and, thus, although the ratio - 
quinone 
Sey eeu aone may not be unity. This salt error can be neglected in ordi- 
Aquinone 
nary dilute solutions. 
Oxide Electrodes. Certain metallic oxides of low solubility may be 
used as hydrogen-ion indicators. For example, with a divalent metal 


the electrode reaction is, 


MO + 2Ht + 2e = M+ HO 
and 
E, = E,° + 0.0591 log ag+ (21) 


The constant E,° is evaluated experimentally from solutions of 
known hydrogen-ion activity using the hydrogen electrode or other 
reference electrode. The antimony oxide electrode against the hydro- 
gen electrode is used with the formula, 


E, = E,° + 0.0591 log aq+ = 0.144 — 0.0591 pH 


between pH 5 and 10 when air is excluded and precautions are taken 
to have the stable cubic form of the oxide.* 

The Glass Electrode. A very thin membrane of glass separating two 
solutions gives potentials which depend directly on the hydrogen-ion 
concentrations. The resistance of the glass diaphragm is so great that 
an electron-tube voltmeter is used to measure the voltages. The mem- 
brane is mounted in a cell of the following type: 


Calomel electrode || solution of known pH; glass membrane; solution 
of unknown pH || calomel electrode 


The voltage is a logarithmic function of the difference in hydrogen- 
ion activity except for a small ‘asymmetry potential’ due to the glass. 
This may be evaluated by using solutions of known pH on each side of 
the membrane. The glass electrode is not affected by oxidizing solu- 
tions, and it can be used in nonaqueous solutions and frequently where 
the hydrogen electrode cannot be used. This electrode is not suitable 
for use in strongly alkaline solutions. Improvements in the composition 


* Roberts and Fenwick, J, Am, Chem. Soc., 50, 2125 (1928). 


POTENTIOMETRIC TITRATIONS 463 


of glass suitable for electrodes together with greater sensitivity to small 
currents have made possible the use of less fragile glass membranes, and 
the electron tubes and circuits have been perfected to such a point that 
the glass electrode is tending to displace other electrodes for the deter- 
mination of pH in industrial operations. It finds wide application in 
control, in biological investigations, and in analytical chemistry. 

The mechanism by which the thin glass membrane responds to the 
hydrogen-ion activity is not thoroughly understood, but it probably 
involves an adsorption of hydrogen ions on both sides of the membrane, 
which is in each case proportional to the activity of the hydrogen ions 
in the solutions. The theory and use of the glass electrode have been 
fully treated by Dole.* 

Electrodes suitable for determining the activity of hydrogen ions 
have reached a high state of perfection; activities of copper, silver, zinc, 
and other ions can also be determined with a high degree of precision 
using metallic electrodes. 

There is a need for electrodes capable of measuring ion activities of 
calcium, sodium, and potassium as distinguished from the concentra- 
tion of the salts. When the metals of these elements are dissolved in 
mercury in dilute solution and allowed to drop from a fine capillary, 
fair results can be obtained in certain solutions. A fresh surface of the 
amalgam is exposed continuously so that there is not time to change 
the concentration of metal and effect the electrode potential. These 
electrodes have not been satisfactory, however, with blood and other 
biological solutions containing proteins where they would be particularly 
useful. 

Chlorine may be used with a platinum electrode as a gas electrode for 
determining the activity of chloride ions in the same way that the 
hydrogen electrode is used for determining hydrogen ions but only a 
few other gases can be used as reversible electrodes. 

Potentiometric Titrations. When one solution is added to another 
from a buret, as, for example, in the titration of a base with an acid, it 
is possible not only to determine the end point with great accuracy but 
also to know the activity of the hydrogen ion during the course of the 
titration. The hydrogen electrode or other hydrogen-ion-indicating 
electrode and a calomel electrode are placed directly in the solution, as 
shown in Fig. 110, and the electromotive force is observed at frequent 
intervals during the titration. 

Figure 112 gives the electromotive force of the calomel electrode 
against the standard hydrogen electrode, plotted against the gram equiv- 
alents of NaOH added to a gram equivalent of a strong acid and two 


* Dole, “The Glass Electrode,”’ John Wiley & Sons, New York, 1941. 
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weak acids. The hydrogen activities and pH values, as calculated from 

equations 16 and 18, are plotted vertically at the right. 
We will consider first the titration of hydrochloric acid with sodium 

hydroxide, shown in the lowermost curve. When the solution is exactly 
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Fia. 112. Electromotive force of hydrogen electrode in the titration of strong and 
weak acids by sodium hydroxide. 


neutral, the activities of the hydrogen ions and hydroxy] ions are the 
same and equal to 10~’ at 25°. The voltage of the hydrogen electrode 
against the calomel electrode, then, is 


1 
E = 0.0591 log ———— + 0.2802 = 0.6942 volt 
aa Ui ee 


At the end point the concentration of hydrogen ions is very small, 
and the number of hydrogen ions in a drop of acid, or of hydroxyl ions 
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in a drop of alkali, is large in comparison. A slight addition of either 
acid or alkali then makes a large change in the hydrogen-ion activity. 
If we regard the solutions before and after the addition of alkali as the 
two solutions of a concentration cell, it is seen that the voltage change 
must be large when the change in a;/da2 of equation 12 is large. Near the 
end point, a milliliter will give a much greater change in voltage and 
a steeper curve. When the solution is already strongly acid or strongly 
alkaline, the addition of a few more hydrogen or hydroxyl] ions from a 
buret has only a slight effect, and the curve is flat. 

Acetic acid shown in the middle curve of Fig. 112 gives an initial 
electromotive force greater than that of hydrochloric acid, because it is 
slightly dissociated, and the hydrogen-ion concentration at a given con- 
centration of acid is much less. It should be noticed that the first addi- 
tions of alkali cause a marked decrease in acidity. The alkali not only 
neutralizes the acid and thereby converts hydrogen ions into water but 
also produces sodium acetate which is largely dissociated. The large 
increase in acetate ions causes the repression of ionization of the acetic 
acid and, in turn, causes more hydrogen ions to change into undisso- 
ciated acetic acid molecules (page 488). 

The upper curve is for boric acid, an acid which is still weaker than 
acetic acid. Addition of OH” ions causes the acidity to decrease slowly 
until the neutral point is reached, when a sudden change takes place. 

It can be shown that the middle of this steep part of the curve corre- 
sponds to the normai salt, where both acid and base are present in 
exactly equivalent amounts. For sodium hydroxide and hydrochloric 
acid this end point comes at the neutral point where pH = 7. When 
weak acids or bases are used, the end point corresponding to equivalent 
amounts of acid and base will not come at a pH of 7, because the salts 
produced by the neutralization are hydrolyzed, as explained later on 
page 496. 

Figure 113 shows how the activity of hydrogen ion increases as hydro- 
chloric acid is added to sodium carbonate which gives one end point 
corresponding to the formation of bicarbonate ion and another cor- 
responding to the formation of carbonic acid. 

The first is represented by the equilibrium, 


COn ee = HCO. 
and the second by the equilibrium, 
HCO3— + igh = H,COxz 


It was known empirically, long before these titration curves were avail- 
able, that phenolphthalein is a suitable indicator for the carbonate and 
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methyl orange for the bicarbonate. The former changes color at a pH 
of about 9 and the latter at about 4, corresponding to the steep parts of 
the curve, and the reason for this choice of indicators is now evident. 
For many purposes it is necessary to know only the end point in the 
titration, and it is not necessary to know the actual activities of the 
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Fia. 113. Electromotive force of hydrogen electrode in the titration of polyacidic 
base with hydrochloric acid. 


ions. The problem is then simpler, and it is not necessary to have re- 
versible electrodes nor to use the absolute values of the electromotive 
force in calculations. A reagent is added gradually until the voltage 
changes rapidly with the addition of a slight amount of reagent. Some- 
times the voltage change is so great as to be noted directly on a gal- 
vanometer, but more often the voltages E are plotted against the vol- 
ume V of reagent added, and the steepest part of the curve is located 
by inspection. Examples of neutralizations were given in Figs. 112 and 
113. When oxidation-reductions are involved, it is sufficient to insert 
a platinum wire in the solution and connect it to a calomel electrode 
through a galvanometer, a balanced voltmeter as shown in Fig. 110, 
or a potentiometer as shown in Fig. 111. 
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Sometimes the point of inflection in the curve is not sufficiently pro- 
nounced to determine accurately, and then it is helpful to plot tangents 
of the curve AE/AV against the volume V of reagent added, as shown in 
Fig. 114. The sharp peak in this curve gives the end point with cer- 
tainty. The differential graph may be obtained by drawing tangents at 
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Fig. 114. Potentiometric titration of ferrous sulfate with potassium dichromate 
showing method of tangents. 


points on the voltage curve, or it may be obtained directly from the 
original data by dividing the differences in voltage by the corresponding 
differences in milliliters. 
| For determining end points in neutralizations it is possible to bubble 
oxygen or even air over a platinized platinum electrode. Since the 
oxygen electrode is not reversible, it is not possible to set nFE equal to 
AF, and no theoretical significance can be attached to the absolute 
voltages. But when addition of reagent leads to a rapid change of OH” 
ions and of potential the end point can be identified. 

In addition to neutralizations and oxidations, it is possible to obtain 
end points in precipitations. The titration of iodide with silver nitrate 
is a simple example. A silver wire is placed in the solution and con- 
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nected to a calomel reference electrode through a galvanometer which 
is set at zero by opposing a potential from a battery and adjustable 
rheostat. As the silver solution is added, the galvanometer remains 
near zero because the silver-ion concentration is fixed by the solubility 
of silver iodide. When all the iodide is precipitated, however, the next 
drop increases the silver-ion concentration enormously and the gal- 
vanometer is deflected sharply. An end point with a different electro- 
motive force is obtained for bromides, and, thus, it is possible to deter- 
mine the amounts of both chlorides and bromides in a mixture of the two. 

Junction Potentials. In addition to the potentials at the two elec- 
trodes, already discussed, there is a third potential if two different 
solutions are in contact with each other. If, for example, a concen- 
trated solution of hydrochloric acid touches a dilute solution, both 
hydrogen ions and chloride ions tend to diffuse from the concentrated 
solution into the dilute solution. The hydrogen ion moves faster, and, 
thus, the dilute solution soon becomes positively charged on account 
of an excess of positive hydrogen ions. The more concentrated solu- 
tion is left with an excess of negative chloride ions and thus acquires a 
negative charge. The differential diffusion is soon offset by the charges 
set up. 

In general, it may be stated that the difference of potential set up at 
the junction of the two solutions is caused by the difference in the rates 
of migration of the two ions, the more dilute solution acquiring a charge 
corresponding to that of the faster-moving ion. 

The difference in potential at the junction of two liquids must be 
eliminated or corrected in making accurate measurements of electrode 
potentials. The most convenient way of minimizing this potential is 
through the use of a salt bridge of potassium chloride connecting the 
two solutions of different electrolytes. 

Potassium chloride is used because the transference numbers of the 
two ions are about the same, 0.49 for K* and 0.51 for Cl~. Under 
these conditions each ion moves with nearly the same velocity, and 
each has the same tendency to give its charge to the more dilute 
solution. 

Other ions than potassium and chloride are usually present at the 
two ends of the bridge, and it is desirable to minimize the effect of 
these ions by having a large excess of the potassium chloride. For 
this purpose saturated potassium chloride is more effective than normal 
potassium chloride in eliminating the junction potential, but it is more 
troublesome to use. When potassium chloride cannot be used, as, 
for example, in a cell containing silver nitrate, a salt bridge of am- 
monium nitrate is used. 
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The junction potential Z; may be largely eliminated as just described, 
or it may be calculated with the help of the following equation, 
Ve—v-RT_ ag 


JB = In Tie 
: Va tie nF ay eS 


where dz is the activity of the ions in the concentrated solution, a; is 
the activity in the dilute solution, and v, and vq are the migration veloc- 
ities of the cation and anion, respectively. This formula applies to cells 
with metal electrodes which are reversible with respect to the cation. 
Its derivation is not given here. 


Example 13. Calculate the junction potential when a solution of copper 
sulfate having acy++ = 0.1 is in contact with a solution having aq,++ = 0.001. 


petal aes RT, az _ 0.00083 — 0.00036 0.0591 | 0.1 
i= 


Miran Fries 10U00SSs+ 000086... 20001 | 


When the concentrations of the two solutions are the same, but only 
one ion is common to both solutions, the junction potential can be 
estimated by the following empirical formula: * 


Be ie (23) 


where A, and A, are the equivalent conductances of the two electrolytes. 

The evaluation of the junction potential constitutes one of the most 
difficult problems of electrochemistry. It cannot be calculated with 
exactness; in fact, its theoretical significance is uncertain, and yet it is 
useful in trying to give numerical values to the activity of single ions as 
distinguished from the mean activity of the electrolyte. Such numeri- 
cal values of the activity of single ions probably have no theoretical 
significance, but they are useful in many calculations when combined 
with the activities of other ions. 

Particularly in the electrochemistry of nonaqueous solutions, igno- 
rance of junction potentials constitutes a serious handicap. These poten- 
tials may be quite large. Nevertheless the uncertainty need not prevent 
their use in an empirical way for practical measurements, particularly 
if the measurements involve differences in concentration, for then the 
junction potential is largely canceled out. 

Activity of Electrolytes and Ions. The activity of an electrolyte or 
ion, as previously explained, is used in determining true equilibrium 
constants. By definition, the activities are equal to the concentrations 
in very dilute solutions, and the difference between activities and con- 


* Lewis and Sargent, J. Am. Chem. Soc., 31, 363 (1909). 
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centrations in more concentrated solutions depends on the interaction 
between all the units in the solution thus making the ions behave dif- 
ferently than they would at infinite dilution. 

The simple equations which apply only in dilute solutions may be 
made applicable also to concentrated solutions by substituting activities, 
or effective concentrations, for analytically determined concentrations. 
A similar situation was met with on page 276. This simple artifice is 
not quite so fundamental as might appear at first sight, for a new and 
unknown variable, the activity coefficient y, has been introduced. 
However, this activity coefficient may be determined experimentally in 
a number of different ways (in terms of appropriate conventions), and it 
is a great advantage to be able to use such equations with exactness, 
even if the evaluation of the new quantity is sometimes rather difficult. 
Methods for determining activities are given on pages 682 and 686. 

From a thermodynamic standpoint and for the purpose of making 
practical calculations, it is unnecessary to attach physical reality to 
activities. They can be visualized roughly as effective concentrations 
but the effective concentrations may vary with the measurement or the 
purpose of the experiment, whereas the activity is a specific quantity, 
determined unambiguously by experiment and definition. 

The activity of a 1-1 electrolyte may be defined as the product of the 
ionic activities: 

a4 x Cra Asolute (24) 


The activity coefficients y, and y_ of the ions are defined as the ratios 
of the activities of the ions to their molal concentrations. 


a+ c= 
VE Sie epee (25) 
m m 
By definition, the activity coefficient y of the electrolyte is 
y= (v4 X y_-)” (26) 
for a 1-1 electrolyte, and, hence, for a 1-1 electrolyte, 
Asotute = My 4 X my_ = my? (27) 


In dilute solutions it may be considered that the ionic activities are 
approximately equal 
a4 = a_ = my (28) 


For other than a 1-1 electrolyte, the expressions are slightly more 
complicated. Thus, for a salt of the CaCl, type, 


Acacls = Acat+ X ag (29) 
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If the molality of CaCl, is m, the Cat* concentration is m and the 
Cl~ concentration 2m. Therefore 


a+ TZ 
Vea? ee (30) 
m 2m 
Also, 
wien Ey?) (31) 
Finally, 
Acacl, = (my+)(2my_)? = 4m? y? (32) 


The extension to other types of electrolytes is similar. 

Cells without Transference. The cells which have been studied thus 
far have been cells with liquid-junction potentials, called cells with 
transference. ‘Those which do not contain a liquid junction are called 
cells without transference. Through the use of a potassium chloride salt 
bridge it is possible to reduce greatly the junction potential. Although 
cells with salt bridges have great practical value, as, for example, in the 
hydrogen electrode, they are not and probably never will be thermo- 
dynamically exact.* 

The cells without liquid junctions are free from this difficulty of the 
junction potential and are thermodynamically exact, except for a small 
correction for change of transference with concentration, but they are 
difficult to devise. Moreover, since they are reversible with respect to 
both ions, the potential of the cell gives the mean activity of both 
positive and negative ions, and absolute information concerning either 
one alone is not available. They are used for measuring accurately 
the mean activities of electrolytes. 

Concentration cells may be arranged without liquid junctions by 
using a metallic conductor between two cells, each having the electro- 
lyte at a different concentration, as shown in the following example: 


Pt, He; HCl; AgCl, Ag, Ag, AgCl; HCl; Hy», Pt (33) 
my, meg 


Each of the two cells has a hydrogen electrode and a silver chloride 
electrode dipping into a solution of HCl at a given concentration. 
Each electrode is reversible with respect to one of the ions, the hydro- 
gen electrode with respect to hydrogen ion, and the silver chloride elec- 
trode with respect to chloride ions. Each of the two ions then gives a 
concentration cell, and the total electromotive force of the cell must 
include both. 

The electromotive force of the concentration cell given in equation 33 
is the sum of the two electromotive forces, as calculated with the help 


* Guggenheim, J. Phys. Chem., 34, 1758 (1930). 
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of equations 12 and 14 for concentration cells of positive and negative 
ions as follows: 


Vig i ant, 1 RT ee OER 


Btn ees nF = Ayt, 2 NF -Oc- 1 


RT, ant, 1 X aor, 1 
— n 
nF Qnt,2 X Aor, 2 


In general for any 1-1 electrolyte in which both ions have reversible 
electrodes, the formula for a concentration cell without transference is 


RT a4,1X rma 
ha SS 


NE. Ox 3X03 


where a, and a_ refer to the activities of the positive and negative ions 
of the electrolyte, and 1 and 2 refer to the different concentrations of 
the electrolyte, the electrolyte at concentration 1 being placed at the 
left electrode. Replacing a, X a_ with its equivalent (my)? for a 1-1 
electrolyte gives 


i a ae (34) 


where m, and y, refer to the molality and the activity coefficient of the 
electrolyte at one concentration and mz and y2 at another. At 25° 
this formula becomes 


m 
Bias 04S loge 


(35) 


M272 


This is an important formula which finds extensive use in determining 
activities and activity coefficients. The concentrations m,; and m, and 
the electromotive forces are determined experimentally, leaving only 
vy, and yz as unknowns. By extrapolation of E to infinite dilution 
where y; = 1, it is possible to determine the activity coefficient and 
the activities at any concentration. A specific example is worked out 
in detail for hydrochloric acid in the appendix on page 682. In this 
general manner, the activity coefficients of the electrolytes given in 
Table VI have been determined. 

It may be noted that the activity coefficients of these electrolytes - 
pass through a distinct minimum value but that the minima do not occur 
at the same concentration for each solute. In Fig. 115 the activity co- 
efficients of these typical electrolytes are plotted against the square root 
of the ionic strength, a term which is defined on page 507. 
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TABLE VI 


Activity CoEFFICIENTS AT 25° 


Molality| HCl KCl NaCl NaOH | H2S0.4 
0.005 0.930 0.927 0.928 Sb 0.643 
0.01 0.906 0.902 0.903 0.89 0.545 
0.05 0.833 0.817 0.821 0.80 0.341 
0.10 0.798 0.770 0.778 0.75 0.266 
0.20 0.768 0.719 0.732 0.71 0.210 
0.50 0.769 0.652 0.680 0.68 0.155 
1.00 0.811 0.607 0.656 0.66 0.131 
2.00 1.011 0.578 0.670 0.68 0.125 
3.00 1.31 0.574 0.719 0.142 
4.00 STA SS Ee ore 0.791 0.172 
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Usually, the activity coefficients are less than 1, and the activity 
which may be regarded in an oversimplified way as effective concentra- 


tions is less than the analytically 
determined concentration. In- 
terionic attraction is responsible 
in large part for this deviation. 
Sometimes, as in concentrated 
solutions of hydrochloric acid or 
calcium chloride, or in nonaque- 
ous solutions, the activity coeffi- 
cients are found to be much 
greater than 1. It is of doubtful 
value to offer a mechanism for 
activities, but this effective con- 
centration, so much greater than 
the stoichiometric concentration, 
may be attributed to a change in 
the solvent. The activity may 
be increased by removing solvent 
quite as well as by increasing the 
amount of dissolved solute. Cal- 
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cium chloride, which crystallizes out with water of crystallization, may 
render some of the water partially inactive as a solvent and thereby 
make the activity greater in concentrated solutions than the analytically 
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determined concentration. In very concentrated hydrochloric acid solu- 
tion the high value of the activity coefficient y probably is due to the pres- 
ence of hydrochloric acid molecules which are absent in dilute solutions. 

The activity coefficients of a large number of electrolytes, both alone 
and mixed, in solutions of different concentrations have been deter- 
mined with a high degree of accuracy.* Concentration cells without 
transference may be made with a connecting wire, as shown in equa- 
tion 33, or they may be made by using an amalgam in a compartment 
which is connected with two different solutions, as in the following cell. 


Ag; AgCl, LiCl; Li(Hg),; LiCl, AgCl; Ag 


mM, mg 


This cell is in reality made up of two independent cells and involves no 
liquid junction. The molalities of the lithium chloride in the two solu- 
tions are m, and mz, and the activity coefficients are y; and yz. The 
electromotive force is given by equation 34, thus: 


(36) 


nF M2Y2 


If two concentration cells are arranged, one, with transference and 
one without transference, there will be a difference in electromotive 
force on account of the junction potential. This in turn is determined 
by the transference number. For example, in the following cell with 
transference the electrodes of silver chloride are reversible with respect 
to the chloride ion: 

Ag; AgCl, LiCl; LiCl; AgCl; Ag 


Mm, Mg 


It can be shown f that, in a cell with transference, which is reversible 
to the anion, 


Drehy amare 
ne t Te il) fil 


(37) 


nF MzY2 


* Harned and Owen, “The Physical Chemistry of Electrolytic Solutions,” Reinhold 
Publishing Corp., New York, 1943; Taylor, “Treatise on Physical Chemistry,”’ D. 
Van Nostrand Co., New York, 1931, pages 763-825; MacInnes, “The Principles of 
Electrochemistry,” Reinhold Publishing Corp., New York, 1939, page 167. 

} The potentials of the two electrodes and the junction potential are added together 
for the electromotive force of the whole cell. MacInnes, “The Principles of Electro- 
chemistry,’ Reinhold Publishing Corp., New York, 1939, pages 222-225. 

t The term 2n, does not appear in the formulas for cells with transference given 
before because the junction potential was practically eliminated with a potassium 
chloride bridge. It is assumed in this derivation that n, remains constant between 
my and mz. 
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Dividing equation 37 by equation 36 gives 


zt 38 
Ne E (38) 
By using this formula for data obtained in the lithium cell just described, 
the transference number of lithium ion in 0.01 molal solution was 
found to be 0.334* in close agreement with the value 0.332 found by 
other methods. 

The Lead Storage Battery. Various combinations of electrodes 
have been used for converting chemical energy directly into useful elec- 
tric energy. With two notable exceptions, the lead storage battery 
and the zinc-ammonium chloride Leclanché dry battery, most of 
these are no longer used in competition with the cheap electricity now 
obtainable from large mechanically driven dynamos. 

The lead storage battery consists of an electrode of lead and an elec- 
trode of lead oxide immersed in sulfuric acid. Each plate has a rough 
surface exposing a large area, and the two are held close together in 
rigid frames. The cell is 


Pb; PbSO4, H2SO4 (20%); PbO2, Pb 
and the ionic cell reaction is 
Pb + HSO,~ = PbSO, (s) + Ht + 2¢ 
PbO, + 3Ht + HSO4~ + 2e = PbSOx (s) + 2H2O 


discharge 
Pb + PbO, + 2H* + 2HS0." << 2PbSO, (s) + 2H,O (39) 

charge 
The important thing about this cell reaction is the fact that equation 39 
can be reversed, and if electrons from a dynamo are put into one elec- 
trode, additional spongy lead is deposited from the lead ions in the 
saturated solution of lead sulfate. According to a hypothetical mecha- 
nism, electrons are removed from the other electrode at the same time, 
thus, converting Pb** from the lead sulfate into Pb+*+** which in 

turn deposits as PbO: according to the reaction: 


Pbtt+t* + 40H- = PbO, + 2H,0 


These electrically replenished electrodes are then ready to follow again 
the original cell reaction with the flow of electrons from lead electrode 
to lead oxide electrode, thus generating useful electricity. 


* MacInnes and Beattie, J. Am. Chem. Soc., 42, 1117 (1920). 
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When the battery is discharged, the sulfuric acid is converted inte 
lead sulfate and water, whereas the sulfuric acid is regenerated on charg, 
ing. The specific gravity of the sulfuric acid and water of a fully charged 
battery is about 1.215. If the battery is allowed to stand idle for a while 
in a discharged condition, the lead sulfate becomes less soluble and crys- 
tallizes out on the electrodes in difficultly removable layers, thus, tend- 
ing to cover up the electrode and decrease the current attainable. In 
cold weather the dilute sulfuric acid may freeze, and such freezing may 
damage the electrodes and their retaining structures. 

The voltage of a cell should not be allowed to fall below 1.8 volt, and 
the specific gravity should not be allowed to fall too far. When these 
conditions are reached, the battery should be recharged until gaseous 
hydrogen and oxygen are copiously evolved, and a constant voltage of 
a little over 2 volts is reached. 

On open circuit there is no reaction, because the high overvoltage of 
hydrogen on lead prevents chemical action with the acid. Impurities in 
the lead electrodes or deposits from impure water may set up local 
action which runs the celi down. Again, some electrical leakage may 
take place across the cover of the cell, particularly if it has dirt or sul- 
furic acid on its surface. 
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PROBLEMS 


1. A thallium amalgam of 4.93 per cent Tl in Tl + Hg and another amalgam of 
10.02 per cent Tl are placed in separate legs of a glass cell and covered with a solution 
of thallous sulfate to form a concentration cell. The voltage of the cell is 0.029480 volt 
at 20° and 0.029971 volt at 30°. The mercury acts only as a diluent. (a) Which 
is the negative electrode? (6) What is the heat of dilution per mole of thallium when 
mercury is added at 30° to change the concentration from 10.02 per cent to 4.93 
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per cent? (c) What is the electromotive force of the cell at 40°? The experimentally 
determined values are as follows: 


(a) 10.02 per cent is negative toward 4.93 per cent. 
(b) —349 cal per mole. 
(c) 0.030467 volt. 


2. The voltage of the cell, 
Zn; ZnCle (sp. gr. 1.891); HgCl; Hg 
is 1.0000 volt at 15° and 1.00047 volts at 20°. What is the average heat of the 


reaction, 
Zn (s) + 2HgCl (s) = ZnCle (sp. gr. 1.891) + 2H¢ (/) 


between 15° and 20°? Ans. AH = —44,865 cal. 

3. The free energy of formation AF°g9g. 1% of Pb**t is —5,630 cal. The free ener- 
gies of formation of the elements and of hydrogen ion at unit activity are taken as 
zero. Calculate the voltage of the cell at 25°, 


Pt, Het atm); Ht G@ = 1)'|| Pht? @ = DePb 


Ans. —0.122 volt. 
4. Given the cell at 25°, 


Pb; Pee oa. = isl Agr (@ at) Ag 


(a) calculate the voltage; (6) write the cell reaction; and (c) caiculate the free-energy 
change. 


Ans. (a) 0.925 volt. 
(6) ZPb (s) + Agt (@ = 1) = $Pbtt (a = 1) + Ags). 
(c) —21,330 cal. 
5. (a) Construct a cell in which the reaction is 


3Cd (s) + Bro (I) = 3Cd** (@ = 1) + Br- @ = 1) 
(6) What is the voltage of the cell? 
(c) What is the free energy of the reaction? 


(d) What difference would there be in the solution of this problem if the reaction 
were written 


Cd (s) + Bre () = Cdtt (a = 1) + 2Br7 (a = 1) 


Ans. (a) Cd; Cdt+ (a = 1) || Bra (a = 1); Bre (D, Pt. 
(b) 1.4674 volts. 
(c) —83,8386. 
(d) (a) and (6) would be the same; (c) would be —67,672. 
6. Calculate the voltage of the following cell at 25°: 


Pt; Tit** (@ = 0.3), Tit+++ @ = 0.5) || Ce+*++ @ = 0.7), Cet +++ (@ = 0.002); Pt 


Ans. 1.406 volts. 
7. Write the reaction of the cell: 


Pt; Fet++ (a@ = 1), Fet++ (a = 1) || Agt (a = 1); Ag 


Calculate (a) the cell voltage and (6) the free energy of the reaction at 25°. (c) 
What is the value of the equilibrium constant? (d) What would be the activity 
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of Ag* ions in equilibrium with solid silver in a solution containing Fet+++ and Fet+ 
at unit activity? 
Ans. (a) E® = 0.028 volt. (b) AF® = —645 cal. 
(c) K = 2.97. (d) aagy = 0.34. 

8. Develop a formula for calculating the voltage of a cell consisting of two chlorine 
electrodes at different pressures immersed in a solution of a chloride. Calculate the 
voltage if the chlorine of one electrode is at 1 atm, the other is at 0.25 atm, and the 
temperature is 25°. Ans. +0.018 volt. 

9. To what pH are the following hydrogen-ion activities at 25° equal: (a) 0.3, 
(b) 10-2 To what hydrogen-ion activities at 25° are the following pH values 
equivalent: (c) 10.6, (d) —1.1? 

Ans. (a) 0.52.. (/) 11. () 25 107%- @ 126. 
10. A voltage of 0.829 was obtained at 25° for a solution when placed in the cell: 


Pt, He (1 atm); solution || normal calomel electrode 


What is the pH of the solution? Ans. 9.29. 
11. (a) Write the cell reaction, and derive an expression for the electromotive 
force of the following cell shown in Fig. 110: 


Hg; Hg2Cl; KCl (1 N) || H*(a); Ha(p), Pt 


(b) At 25° C what is the voltage of the cell if the barometric pressure is 750 mm, 
the vapor pressure of water above the solution is 23.7 mm, and the pH = 3.50? 
Neglect the depth of immersion of the platinum electrode, and assume that the 
hydrogen is saturated with water vapor. 

Ans. (a) Hg + Cl- (1N KCl) + H*@) = 4 HgeCl, + 4 Ho(p). 
(b) —0.4862. 
12. The cell, 


Normal calomel electrode || (solution quinhydrone) Pt 


was found to have an electromotive force of 0.179 volt for a certain solution at 25°. 
What is the pH of the solution? Ans. 4.07. 
13. What is the voltage of the cell, 


Zn; ZnSOg (0.01 m); ZnSOx (0.1 m); Zn 


at 25°? For ZnSO, nq = 0.6, and the activity coefficients of the Zn**+ ion are 0.23 
in 0.1 m ZnSO, and 0.5 in 0.01 m ZnSOxz. Ans. 0.024 volt. 
14. For the cell at 25°, 


Cd, Hg (2 phases); Cd Iz (m = 0.1); Agl, Ag 


Bates (J. Am. Chem. Soc., 68, 399 [1941]) found E = 0.35776. When cadmium 
iodide is at unit activity, E° = 0.20060. Calculate the activity coefficient of the 
cadmium iodide in 0.100 molal solution. Ans. .0.107. 
15. A solution at 25° contains Nit* ions at an activity of 0.1. If the solution is 
too acid, hydrogen will be deposited on the cathode instead of nickel. What should 
be the pH of the solution so that the hydrogen will not be liberated until the potential 
is 0.1 volt greater than the potential required to deposit the nickel? The overvoltage 
of hydrogen on nickel may be assumed to be 0.2 volt. Ans. 3.04. 


16. A small dry battery of zinc and ammonium chloride weighing 85 g will operate 
continuously through a 4-ohm resistance for 450 minutes before its voltage falls 
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below 0.75 volt. The initial voltage is 1.60, and the effective voltage over the whole 
life of the battery is taken to be 1.00. 

Theoretically how many miles above the earth could this battery be raised by the 
energy delivered by this battery under these conditions? 

17. Calculate the electromotive force of the cell, 


Ag (s); AgCl (s); NaCl (1 NV); HgeCle (s); Hg () 


from the following standard free energies of formation: 


Agt +18,488 cal/mole 
AgCl (s) — 26,187 
Nat —62,588 
ce —31,367 
HgeCle = 50, 274 


18. E for the standard Weston cadmium cell is 1.0186 volts at 20° and decreases 
0.0000406 volt for each degree rise in temperature above 20°. 

(a) State these facts with a single mathematical equation, and calculate (b) the 
heat evolved or absorbed per mole of cadmium consumed, and (c) the free-energy 
change per mole of cadmium consumed. 

19. Given the cell at 25°, 


Pt, Cl @); Cl- @ = 1) || TIt** @ =1), TI* @ = 1); Pt 


(a) Write the cell reaction. 

(b) Calculate AF°. 

(c) Calculate the equilibrium constant for the cell reaction. 

(d) Calculate E for the cell when the chloride ion activity is 0.1 instead of 1. 
20. (a) Construct a cell in which the reaction is 


2Cle (g 1 atm) + Br~ (a = 1) = Cl” (a = 1) + $Br () 


(b) Determine the voltage at 25° and (c) calculate the free energy of the reaction. 
21. (a) Calculate the voltage of the following cell at 25°: 


Zn; Zn++ (a = 0.0004) || Cd++ (a = 0.2); Cd 


(b) Write the cell reaction. 

(c) Calculate the value of the free-energy change involved in the reaction of the 
solutions as given, that is, Znt+ at an activity of 0.0004 and Cd** at an activity 
of 0.2. ; 

22. (a) Calculate the equilibrium constant for the reaction at 25°: 


Sntrte . opts = att t+ gn t+ 


(b) When 0.01 mole of stannous ion is added to 1.0 mole of Tit*+** ion in 1000 g 
of water, what will be the concentration of Tit** ions (if it is assumed for the calcu- 
lation that the activities are essentially equal to the concentrations)? 

23. The electromotive force of the cell, 


FeCls (0.1 mm) 
Normal calomel electrode || { FeCl, (0.1 m) ) ; Pt 
HCl (0.1 m) 


is 0.446 volt at 25°. The hydrochloric acid is added to prevent hydrolysis. Assum- 
ing that the activity coefficients of the Fett+ and Fet* ions are 0.75 and 0.87 
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respectively, calculate the value of E° for the ferric-ferrous electrode containing 
0.1 m HCl. 

24. Calculate the voltage at 30° of a concentration cell composed of two amalgams, 
one having 0.3315 per cent by weight of thallium in Tl + Hg and the other 1.704 
per cent by weight of thallium. The density of the first is 13.51 and that of the 
second 13.48. The experimentally determined voltage of the cell is 0.046937. The 
difference between the observed and calculated values is due to the fact that the 
amalgams are so concentrated that they do not behave as ideal solutions. 

25. (a) What is the activity of hydrogen ions in a solution which has a pH of 8.6 
atZort 

(b) Calculate the pH of a solution which has a hydrogen-ion activity of 5.1 equiv- 
alents per 1000 g of water at 25°. 

26. Calculate the pH of 0.01 N sodium hydroxide solution at 25°. The activity 
coefficient is 0.75. 

27. When the pH of a solution is measured by means of a hydrogen electrode 
against a calomel electrode, the partial pressure of the hydrogen is usually not exactly 
1atm. At 25° how low can the partial pressure of the hydrogen be before a correction 
is necessary, if an error of 0.005 pH. unit is allowable? 

28. What is the potential of the cell, 


Ag; AgNOz3 (0.02 m); AgNOz3 (0.1 m); Ag 


at 25°? For AgNOs, ma = 0.53, and the activity coefficients of silver nitrate are 
0.86 in 0.02 m AgNOs and 0.72 in 0.1 m AgNOs. 
29. The cell, 


K (amalgam); KCl (0.05 m); AgCl, Ag, AgCl; KCl (0.2 m); K (amalgam) 


is reversible to both cation and anion. Calculate its potential at 25°, knowing the 
activity coefficients of potassium chloride. 

30. What must be the concentration of Cut* ions in order that the deposition 
potential of copper from solution at 25° will be the same as the deposition potential 
of zinc from a solution containing Zn** ions at unit activity? 


31. The voltage of the cell, 
Pb; PbSO4; NagSO4-10H20O (sat.); HgsSO.4; Hg 


is 0.9647 at 25°. The temperature coefficient is 0.000174 volt per degree. Calculate 
(a) the heat of the reaction and (6) the free-energy change of the reaction, 


Pb (s) + Hg2SOu (s) = PbSOu (s) + 2Hg (0) 


32. Calculate AF for the reduction with iron of one mole of ferric ion to ferrous 
ion, each at unit activity. 
33. Given the cell at 25°, 


Cd; Cd++ (@ = 1) ||I- @ = 1); Ie (5), Pt 


(a) calculate E°; (b) write the cell reaction; (c) calculate AF°. 

34. Instead of using oxidation potentials such as Na; Nat = 2.7139 it would be 
equally satisfactory to use reduction potentials such as Nat; Na = —2.7139. Re- 
calculate example 5 on page 449 using this system of reduction potentials. 
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35. Calculate the activity of mercurous ion in a solution at 25° which originally 
had an activity of 0.001 of mercuric ion after enough ferrous iron has been added to 
give the solution an activity of ferrous ion equal to 0.0004. 

36. (a) How should a cell be constructed in order to determine E° for the cell 
corresponding to the reaction of Clz with Fett? (6) What is the equilibrium con- 
stant for the reaction? 

37. At 25° for the reaction, 


2Fett* + 2Hg = 2Fett+ + Hgott 


the equilibrium constant is 0.018, and at 35° it is 0.054. What is the value of E° 
at 45° for the cell which corresponds to this reaction? 
38. Given the cell at 25°, 


Pt Xo xX @ = 0.1) || X~ (@ = 0.001): Xs, Pt 


where X is an unknown halogen: 

(a) Write the cell reaction. 

(b) Which electrode is negative? 

(c) What is the voltage of the cell? 

(d) Is the reaction spontaneous? 

39. What is the activity of zinc ions in a solution which gives with a zinc electrode 
a voltage of —0.7500 against the standard hydrogen electrode? What is the molality 
of the solution if the activity coefficient for the zinc ion is 0.30 at this concentration? 

40. A hydrogen electrode and a normal calomel cell give a voltage of 0.480 when 
placed in a certain solution at 25°. What is the pH of the solution? 

41. A hydrogen electrode and calomel cell are used to determine the pH of a 
solution on a mountain where the barometer is 500 mm. The hydrogen is allowed 
to bubble out of the electrode at the atmospheric pressure prevailing there. If the 
pH is calculated to be 4.00, what is the correct pH of the solution? 

42. The cell, 


Normal calomel electrode || (solution, quinhydrone) Pt 


was found to have a potential of 0.212 for a certain solution at 25°. What is the pH 
of the solution? 
43. Write each electrode reaction and the net reaction for the cell, 


Ag; AgCl, LiCl; Li(Hg),; LiCl, AgCl; Ag 
my me 
and show that equation 36 follows from equation 8. 
44. Calculate the activity of H2SO, in 0.01 molal solution if the activity coefficient 
y is 0.545. 
45. Tartar, Newschwander, and Ness (J. Am. Chem. Soc., 63, 28 [1941]) found 
that the electromotive force of the cell, 


Pt; Hy; H2S04 (m — 10); ZnSO4 (m = 0.5); Heg280x; Hg 
is 0.67281 volt at 25°. E° = 0.61515 volt. Calculate the activity coefficient of 


sulfuric acid in a solution which is 1 molal with respect to H2SO,4 and 0.5 molal with 
respect to ZnSO.. 


46. Manganese dioxide electrode has been used for measuring pH. Write an 
equation for the electrode reaction, and give a formula for its use as an indicator 
of pH. 
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47. The electromotive force of the cell, 
Hg; HgeBr (sat.), MBr (aq soln); AgBr (sat.); Ag 


has been determined accurately by Dakin and Ewing (J. Am. Chem. Soc., 62, 2280 
[1940]), and the values of H° ag agsr have been determined by Owen and Foering 
(J. Am. Chem. Soc., 58, 1575 [1936]). The data are as follows: 


Temp. E cet E° Ag, AgBr (sat.) 
15 0.06492 0.07586 
25 0.06804 0.07121 
35 0.07116 0.06591 


(a) Calculate E°yespro: Hg at each temperature and find formulas which give Eee 
and Eygyrr (sat.); He 28 a function of temperature. 
(b) Calculate AF° at 25° for the reaction, 


2Ag + HgeBro = 2AgBr + 2Hg 


(c) Calculate AH for this reaction. 

(d) Calculate AS for this reaction. 

(e) Using the free energy of formation of silver bromide AF? = —22,935 cal per 
mole, show that free energy of formation of mercurous bromide is —42,733. 

48. Five hundred milliliters of 0.001 N stannous ion is added to 500 ml of 0.001 NV 
ferric ion at 25°. What will be the concentration of each of the four resulting ions? 
The activities may be considered equal to the concentrations for this calculation. 

49. A recently developed cell known as the RMR cell is composed of zine, potassium 
hydroxide, water, and mercuric oxide. Write an over-all reaction for the cell in 
which zine and potassium hydroxide are consumed, mercury is deposited, and potas- 
sium zincate is formed, and write the reactions occurring at the two electrodes. 

50. A solution 0.5 molal with respect to H2SOz, and 1.5 molal with respect to zine 
sulfate has a vapor pressure of 22.454 mm at 25°. For the cell, 


Pt, He; H28O4 (m = 0.5); ZnSOg (m = 1.5); HgeSOu; Hg 
E = 0.69021 volt and E° is equal to 0.61515 volt. For the cell 
Zn; H28O4 (m = 0.5); ZnSO4 (m = 1.5); Hg2S80u; Hg 


E = 1.44561 volts and E° = 1.3765 volts. The vapor pressure of pure water at 
25° is 23.75 mm. (a) Calculate the activity of the water. (6) Calculate the mean 
activity of the sulfuric acid, and (c) the mean activity of the zine sulfate. * 


* Tartar, Newschwander, and Ness, J. Am. Chem. Soc., 63, 28 (1941). 


CHAPTER XVII 
IONIC EQUILIBRIA 


The study of equilibria involving ions in solution constitutes one of 
the oldest branches of physical chemistry. It was shown on pages 248 
and 397 that salts and other electrolytes dissociate into electrically 
charged ions, when they are dissolved in water, but further discussion 
of the equilibria of ions was postponed in order to present first the 
concepts of chemical equilibrium, the facts of electrolytic conductance, 
and the significance of electromotive-force measurements. 

Ionization of Weak Electrolytes. The extent to which a weak elec- 
trolyte is dissociated may be determined in different ways, among 
which the electrical-conductance method is the most used on account 
of its accuracy and simplicity. In general, the dissociation becomes 
greater as the solution is diluted. The recombination of the ions de- 
creases because the number of collisions becomes less. If the solute 
is not dissociated at all, the solution will have a conductance no greater 
than that of the solvent alone. If it is completely dissociated, the 
equivalent conductance cannot be increased any more by further 
dilution. 

According to the simplest point of view, the degree of dissociation a 
of a weak electrolyte can be calculated from the conductance of the 
electrolyte and the equivalent conductance at infinite dilution as was 
first done by Arrhenius. It has been shown that at infinite dilution the 
equivalent conductance Ag is equal to the sum of the ionic conductances 
l, and 1, of the cation and anion. 


Ayo = le + la (1) 


If the change in velocity of the ions with concentration is neglected 
and it is assumed that the only influence of dilution on the equivalent 
conductance of a weak electrolyte is the production of more ions, it 
may also be assumed that, for an electrolyte dissociating into two ions, 


A = al, + alg = a(le 1% la) (2) 


where A is the equivalent conductance, that is, the conductance of a 

gram equivalent of the electrolyte at the specified dilution, J, and I, are 

the equivalent conductances of the cation and anion, and a is the de- 
483 
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gree of dissociation. If one equivalent of electrolyte is present in solu- 
tion, there will be a equivalents of each ion. 
Dividing equation 2 by equation 1 gives 


A 
Sar (3) 
Ao 
Although satisfactory for weak electrolytes, this equation cannot 
be applied to strong electrolytes in which dissociation is practically 
complete. The change of equivalent conductance of strong electro- 
lytes with concentration is due to a change in velocity of the ions, as 
described later in this chapter. 
Acetic acid is a good example of a weak electrolyte. When dis- 
solved in water, it dissociates according to the reaction: 


CH3;COOH = CH3,COO7~ + Ht 


If c moles of acetic acid is dissolved in a liter of water and the degree of 
dissociation of the acid is a, then the concentration of hydrogen ions is 
ca, the concentration of acetate ions is ca, and the concentration of un- 
ionized acetic acid molecules is c(1 — a). The equilibrium or ionization 
constant K is given by the expression: 


CHt+ X CcH3coo- ca X ca aC 


Re (4) 


CCH,;COOH CL ay Lae 


If more than two ions are formed, the ionization constant will have a 
different form which may be easily derived. 


Example 1. The equivalent conductance of a 0.001028 WN acetic acid solution 
is found to be 48.15 at 25°. The equivalent conductance at infinite dilution is 
390.7. Calculate the degree of dissociation of acetic acid at this concentration, 
and calculate the ionization constant. 


A _ 48.15 


oS a 


ac i: (0.1232)? < 0.001028 


K= 
La 0.8768 


= 1.781 X 1075 
From calculations like this, Table I is obtained by using the data of 
MaclInnes and Shedlovsky.* 


* MacInnes and Shedlovsky, J. Am. Chem. Soc., 54, 1429 (1932); MacInnes, “The 
Principles of Electrochemistry,” Reinhold Publishing Corp., New York, 1939, page 56. 
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TABLE 1 
IonIzATION Constant oF Acetic Acip at 25° 


(Ao = 390.7) 


KS; 
Dissociation 
Constant X 10° 


Concentration, Equivalent Degree of 
equivalents/liter | Conductance | Dissociation 


0.00002801 210.4 0.5385 1.760 
0.0001532 112.0 0.2867 1.767 
0.001028 48.15 0.1232 1.781 
0.002414 32.22 0.08247 1.789 
0.005912 20.96 0.05365 1.798 
0.01283 14.37 0.03678 1.803 
0.05000 7.36 0.01884 1.308 


The value of K calculated in this way is reasonably constant, and it 
is satisfactory for most practical work. There are, however, unsatis- 
factory assumptions involved in this calculation which are partly com- 
pensating. Making a correction for the fact that the ionic conductances 
are not quite the same as they are at infinite dilution and estimating 
the activity coefficients of the ions from the Debye—Hiickel theory 
discussed later in this chapter on page 511, MacInnes * shows that these 
dissociation constants have values ranging from 1.752 at 0.00002801 N 
to 1.721 at 0.05000 N. In this revised calculation Ao for acetic acid is 
not used, but a value of the equivalent conductance for complete dis- 
sociation is obtained at the given concentration by subtracting Ayac 
from the sum of Agc and Anac,H,0, at these concentrations, it being as- 
sumed that these electrolytes are completely dissociated. 

With the help of equation 4 it is possible to calculate at any con- 
centration c the degree of dissociation of acetic acid or any other weak 
electrolyte which dissociates into two ions. When the electrolyte is 
weak, that is, K is 10~* or 10~° or less, the concentration of undisso- 
ciated electrolyte is practically that of the original concentration. 


Example 2. Calculate the concentration of hydrogen ions in a solution which 
contains 0.0700 mole of acetic acid in 500 ml of water solution. It is convenient 
to convert the data into terms of moles per liter. The original concentration co 
is then 0.140 mole per liter. Let x equal the number of moles of acetic acid 


*MaclInnes, “The Principles of Electrochemistry,’’ Reinhold Publishing Corp. 
New York, 1939, pages 342-348. 
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ionized per liter, and assume that for weak acids cy — @ is essentially equal to co. 
Approximately, 


=180 5107" 
_ Cut X CogH3027 _ x a x? 
CHC2H302 Co 0.140 


a? = 1.80 X 10-5 x 0.140 = 2.52 X 107° 
w= 1.59 X 10- 


More exactly: 
Cov, = (Co — ae and. ix? = 180x107 °O 440, — 2) 
z?+1.8 x 10x — 2.52 10-§ = 0 
= 1.58 X10 


Although these formulas are derived on the assumption that the 
electrolytes dissociate into only two ions, as a matter of fact they 
apply fairly well also to di- and tribasic acids because they dissociate 
in steps. The first hydrogen atom ionizes much more readily than the 
second or third hydrogen in a polybasic acid. Thus, in the electrolytic 
dissociation of carbonic acid, the first hydrogen ion comes off according 
to the reaction, 

H,COz; = Ht + HCO;— 
in which 
Keeble GlOme 


but the second hydrogen ion has to pull away from an ion with two 
negative charges instead of one. Accordingly, the degree of dissociation 
is considerably less, and the dissociation constant is smaller; thus: 


HCOQj;= SH 4 C0 = K = 5.61 X 107}! 


Ionization constants for a number of acids are given in Table II. 

The dissociation of bases to give hydroxyl ions has also been the 
subject of extensive study. The alkali and alkaline-earth hydroxides 
are very strong bases and are dissociated to about the same extent as 
equivalent solutions of hydrochloric and nitric acids, whereas, on the 
other hand, ammonia and many of the organic bases are very weak. 
Table IIT gives the ionization constants of several typical bases. 

The ionization of bases and acids may be determined experimentally 
in several different ways: from measurements of electrical conductance 
or of electromotive force, from measurements of the concentration of 
the hydrogen or hydroxyl ions as described in Chapter XVI, and from 
measurements of the rate of reactions catalyzed by these ions. For 
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example, the rate of inversion of cane sugar provides a means of deter- 
mining the concentration of hydrogen ions, and the rate of condensa- 
tion of acetone enables one to determine the concentration of hydroxyl 
ions. 

TABLE II 


TonizaTIon Constants or Acips IN WATER AT 25° 


Acid Tonization Constant 
Trichloroacetic acid, CCl;COOH 2 Seo 
Todic, HIO3 2 SO 
Dichloroacetic, CHCleCOOH SAO Oe 
Monochloroacetic, CHeCICOOH ad SO 
Formic, HCOOH a0 
Acetic, CH3COOH LS Sear 
Carbonic Ky, H2CO3 4.54 x 1077 

i<eus (Oe 5.61 X 1071 
Hydrocyanic acid, HCN Fy TRS aN Ne 
Boric ISG H3BO3 Hi KK 10S 

Ke, H2BO3— 2 S10 
K. HBO. one SCORE 
Water, H2O 1a SK IO 
Ethane, C2He Approx. 10~*4 


TABLE III 


IONIZATION CONSTANTS OF BasEs AT 25° 


Base Tonization Constant 
Guanidine J lOn 
Piperidine so 10* 
Methylamine 4.0.x 10 
Trimethylamine 6.2: < 105° 
Ammonia 810 
Pyridine 6x 10~ 
Aniline Sele AO 


In comparing the acidity of different acids, it is the hydrogen-ion 
concentration which is significant. In weak acids this is proportional 
to the square root of the dissociation constants as shown in equation 5. 

The equilibrium constant K can be simplified when a is small because 
(1 — a) does not differ appreciably from unity; thus, 


are 


(=a) 


_£ ' 


Cc 


ac 


then, 
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Example 3. Compare the acidity of monochloroacetic acid with that of acetic 
acid at 25°. 
Qccr,COooH _ V Kecmcoon/¢ +/ 0.00155 ag 


OcH;coon WV Kou;coon/¢  ~0.0000180 


In example 3 it is seen that replacing one of the hydrogen atoms on 
the first carbon with the negative chlorine atom makes it 9.3 times as 
easy for the hydrogen of the carboxyl group to break away and form 
a hydrogen ion. Apparently, the attraction of chlorine for electrons 
pulls the electron pair farther away from the hydrogen of the carboxyl 
and permits the hydrogen ion to leave with the expenditure of less 
energy. The substitution of more hydrogen atoms by chlorine in acetic 
acid decreases the energy with which the hydrogen ion is held and gives 
acids with larger ionization constants, as is shown by comparing acetic 
acid with mono-, di-, and trichloroacetic acids shown in Table II. 

The influence of one atom or group on the reactivity of a near-by 
atom is affected by the distance and the position as shown in the chloro- 
substituted benzoic acids at 25°. 


Benzoic Para chloro-benzoic Meta chloro- Ortho chloro- 
acid aci benzoic acid benzoic acid 
COOH COOH COOH COOH 
Cl 
Cl 
Cl 


K = 0.000073. K = 0.000063 K = 0.000155 K = 0.00132 


In these examples the reactivity of the molecule is characterized by the 
ease with which a hydrogen ion is released. Many other properties 
such as relative rates of chemical reaction with specific reactants are 
used to determine the influence of substituents and molecular structure 
on reactivity. These relations are being correlated now in terms of the 
electron theory of valence so that good predictions can often be made 
on the basis of molecular structure concerning equilibria and rates of 
reaction. The electron theory is discussed in many texts in organic 
chemistry.* 

Repression of Ionization by Salts. Just as the dissociation of a gaseous 
substance is diminished by the addition of an excess of one of the prod- 
ucts of dissociation, so the ionization of a weak acid is repressed by the 


* Such, for example, as J. Johnson’s chapter 25 in Gilman’s “Organic Chemistry,’ 
John Wiley & Sons, New York, 1943, and Remick, “Electronic Interpretations of 
Organic Chemistry,’ John Wiley & Sons, New York, 1943. 
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addition of a salt formed from the acid and a strong base. The salts 
are almost completely dissociated, and the addition of the extra anions 
drives the equilibrium back to give more undissociated acid. For 
example, a solution of a weak acid HA is made much less acid by the 
addition of the sodium salt of the acid. The quantitative treatment 
follows for the reactions, 


HAY tea Gand Nad = NG A 


The concentration of the salt is represented by cs. Since salts are 
generally completely ionized, cs; is also the concentration of the ions 
produced by the ionization of the salt. The total concentration of the 
weighed-out acid HA, including both undissociated and dissociated 
acid, is designated by co, and the degree of dissociation of the acid is 
designated by ag. The concentration of the undissociated acid is repre- 
sented by cqg4. Then, 


Cyt = alo; CA- = alo + Ce 
and 
cHa = (1 — ag)eo 
CutCa~ aco X (ao¢o + ¢s) 
CHA (1 — ao)co 


For weak acids ag is so small that apco is negligible in comparison 
with c,; and 1 — ap is practically equal to unity. Then, 


TK Ags 
or 
K 
a = — (6) 
Cs 


In other words, the degree of ionization of a weak acid in the pres- 
ence of a salt containing a common ion is approximately independent 
of the concentration of the acid, and it is inversely proportional to the 
concentration of the added salt. 


Example 4. In example 2 it was calculated that 0.140 mole of acetic acid per 
liter gave a hydrogen-ion concentration of 1.58 & 10~* gram ions per liter. If 
0.1 mole of solid sodium acetate is dissolved in a liter of this solution, approxi- 
mately what will be the concentration of hydrogen ions, if it is assumed that 
the volume of the solution remains practically unchanged? 


K = —5 Cut X CoeH3027 a Cu+ X 0.100 
sae CHA 0.140 
3 
me TSO lOmee <i On: hy en Tek 


See ba 0.100 
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Similar considerations hold for the addition of a salt to a weak base, 
thus making the solution less basic. Practical use is made of this repres- 
sion of ionization. For example, certain metal hydroxides, such as 
magnesium hydroxide, are precipitated by ammonium hydroxide, but, 
when ammonium chloride is added, the ionization of ammonium hy- 
droxide becomes so slight that there are not then enough hydroxyl ions 
to precipitate the magnesium as hydroxide. 

Ionization of Water. Water is a weak electrolyte with an ion product 
of 1.0 X 10~!4 at 25°, dissociating according to the reaction: 


HOH = Ht + OH 


The ion product of water has been carefully determined by several 
different methods, all of which are in excellent agreement. 


Example 5. Calculate the degree of dissociation and the ion product of water 
at 25° from the fact that the specific conductance of the purest water has been 
found to be 5.5 X 10-8 * ohm! cm~. The ionic conductances at infinite dilu- 
tion are ly+ = 349.8 and Joq- = 198. 

In pure water 18 ml contains 1 gram equivalent of H,O. Then, the equivalent 
conductance A is given by the relation: 


A=LV = 5.5 X 10-8 X 18 = 9.9 X 1077 
Ayo = 1. + la = 349.8 + 198 = 547.8 


ee oe a Ore 
AR Ores 


= 1.81 X 107° 


The value 547.8 is the equivalent conductance of a hypothetical completely 
ionized water. 
Since there are 1000/18 or 55.5 moles of water per liter, 


Cut = Con~ = 55.5a = 55.5 X 1.81 K 1079 =.1.00 xk 1077 


Cyt X Con (1.00 x 107° 
K 4 ee eee — —=16 
ae =: 1.8 X 10 


Since the concentration of water in the denominator remains constant, it is 
usually absorbed into the ionization constant, and the ion product K, is com- 
monly used. It is defined as follows: 


Kw = Cgt X Con- = 1.00 X 1077 X 1.00 X 1077 = 1.00 x 10-4 


Example 6. Determine the ion product of water at 25° from the following 
data. The electromotive force of the following cell at 25° is 1.05033 volt. 


(Pt) Hz (1 atm); KOH (0.01 m), KCl (0.01 m); AgCl; Ag 


* Kohlrausch and Heydweiller, Z. physik. Chem., 14, 317 (1894); Jones and Brad- 
shaw, J. Am. Chem. Soc., 55, 1800 (1933). 
+ Harned and Hamer, J. Am. Chem. Soc., 55, 2194 (1933). 
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The standard electrode potential E° for the cell, 


Pt, H2; HCl (a = 1); AgCl; Ag 
is 0.22239 volt at 25°.* 


Kw = Yu*Cut+You-Con- 


The cell reaction in both cases is 3H, + AgCl = H+ + Cl- + Ag. Hence, 


0.22239 — In YutCet X YarCor 


iv = 
05033 AF 
= 0.22039 — BP 1, | Kw x Jot | 
WP a You~Cou~ 
Yar X 0.01 
= 0.22239 — 0.05915 log | Kw 2 ai | 
le er Cl 
In this. dilute solution, yq- = You- very closely, although it is not accurate 
enough to assume that they equal unity. Hence, 
—1. DE = 
loca — DOSS ae Ueetee = —13.997 = 14.003 


0.05915 
Ky = 10110" 


Direct determinations of the ion product of water have been made 
also by measuring the catalytic effects of H* and OH7 on the rates of 
certain organic reactions. Another method involves the measurement 
of the hydrolysis of salts, as illustrated in example 10. The ionization 
of water is given at various temperatures in Table IV. 


TABLE IV 


Ion Propuct or Purr WatTEr 1 


Temperature OF 10° 25° 40° 50° 
Kap 10K 0.113 0.292 1.008 2.917 5.474 


1 Harned and Hamer, J. Am. Chem. Soc., 55, 2194 (1933). 


The correctness of the data of Table IV can be checked further by 
taking the values of the ionization constant of water at two tempera- 
tures and calculating the heat of the reaction, 


H,O = Ht + OH 


* Harned and Ehlers, J. Am. Chem. Soc., 54, 1350 (1932). 
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Introducing the values for 10° and 40° into the equation 


H 2.303R (log Ko — log K,)T2T, 
“ T. — Ty 


and solving for AH, we obtain 13.5 keal. This value agrees well with 
that found for the reverse reaction by the direct calorimetric measure- 
ment of the heat of neutralization of completely ionized acids and 
bases, namely, —13.8 kcal. 

Thus, in dilute solutions, when a strong base such as NaOH, KOH, or 
LiOH is neutralized with a strong acid such as HCl or HNOs, the heat 
evolved is always about the same. This constancy in the heat of neu- 
tralization is easily explained by the ionization theory. Since all the 
reactants and all the products are completely ionized, the sodium or 
potassium ions and the chloride or nitrate ions remain unchanged; and 
the only chemical reaction is 


OH- + Ht = H.O AH = —13.8 kcal 


Strictly speaking, the ions are hydrated, for example, (H30)*-zH2O and 
OH -yH,0. It thus appears that the neutralization of a strong acid by 
a strong base in dilute solution consists in the combination of hydrated 
hydrogen and hydroxyl ions to form undissociated water. The heat 
of this ionic reaction is —13.8 keal. The heat of formation of water 
from its hydrated ions must not be confused with the heat of fermation 
of water from its elements, nor with the heat of combination of unhy- 
drated ions. , 

When weak acids or bases are neutralized, not only is the heat of 
neutralization of Ht and OH7 ion evolved, but, also, heat is absorbed 
in dissociating the weak acid or base. The resulting salts are usually 
completely ionized. For example, the neutralization of HCN by NaOH 
evolves only 2.9 keal, whereas 13.8 kcal would be evolved if the acid 
were completely ionized. The difference 10.9 kcal represents the heat 
absorbed in ionizing hydrocyanic acid in water. 

Heats of ionic reactions including neutralizations are determined 
simply in a calorimeter. When zinc deposits copper from a copper 
sulfate solution, for example, 


Ini + Cul =. Cu- Znas AH = —53 kcal 


When dilute solutions of ions are mixed, there is no thermal change 
unless a reaction takes place. For example, when dilute solutions of 
sodium bromide and sodium nitrate are mixed, no heat is evolved or 
absorbed. However, when sodium bromide and silver nitrate are 
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mixed, there is an evolution of 20 kcal per mole due to the heat of pre- 
cipitation of silver bromide. Moreover, in dilute solutions the heat of 
precipitation of silver bromide is the same at the same temperature 
whether the starting materials were potassium bromide and silver 
sulfate or any other ionized bromide and ionized silver salt. 

It is possible to prepare a table of heats of formation of the different 
positive and negative ions from which heats of ionic reaction can be 
calculated. The heat of the reaction +H = Ht + ¢ is usually taken 
arbitrarily as zero, and the heats of formation of other ions are then 
obtained by difference from known ionic reactions. 

Proton Theory of Acids. Certain general aspects of the behavior of 
acids and bases were overlooked in the early development of physical 
chemistry because of the importance of water and its solutions, and 
because of the successes of the Arrhenius theory. Thus, according to 
an older viewpoint, only aqueous solutions show acid and basic prop- 
erties, and the term neutralization refers to the combination of hydrogen 
ions and hydroxyl ions. But the formation of water is not a necessary 
criterion for neutralization. For example, the following reactions, 


HCl + NH; = NH,Cl (in benzene) 
and 


HCl + NaC2H302 = HC2H302 + NaCl (in glacial acetic acid) 


give the usual neutralization curve with electrometric titration. 

In 1923 under the leadership of Brénsted and Bjerrum in Denmark, 
as well as Lowry in England and others, the proton theory of acids and 
bases was proposed.* A proton is a hydrogen atom which has lost its 
electron, leaving a small nucleus with a mass a little over 1 on the atomic 
weight scale and with one positive charge. This tiny unit 107? em in 
diameter immediately attracts solvent molecules and becomes ‘“‘sol- 
vated.” According to this theory, acids and bases are uniquely char- 
acterized by a tendency to exchange protons, just as oxidizing and reduc- 
ing agents are uniquely characterized by a tendency to exchange elec- 
trons. There is much in common between these two systems. For 
example, a given material may be a reducing agent with respect to 
another one which is lower in the electromotive series, but it may be an 
oxidizing agent toward a substance higher in the series. In the same way 
a given substance may be an acid with respect to a substance of greater 


* Hall, J. Chem. Education, 12, 124 (1940). 

A complete discussion of the theory of acids is given in ‘Contributions to Chem- 
ical Education 1,” entitled ‘Acids and Bases,” J. Chem. Education, Kaston, Pa. 
1941. A bibliography is given by Alyea, J. Chem. Education, 16, 535 (1939). 
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base strength, or it may act as a base toward a substance of lesser base 
strength. 

According to this very simple view, an acid is a substance which has 
a measurable tendency to give up protons (H* ions). Thus, any com- 
pound which contains hydrogen may conceivably act as an acid, but, 
in methane and in hydride ion (H~) and similar compounds, the tend- 
ency to give protons is so extremely small (that is, the force holding 
the proton is so great) that the substances can hardly be classed as 
acids. 

The strength of an acid is the quantitative measure of its tendency 
to release protons. It varies with the solvent and the experimental 
conditions and is determined by the electronic and nuclear structure 
of the acid. Thus, HI is intrinsically a stronger acid than HF because 
its internuclear distance is greater and the proton is held less firmly, 
and HMn0O,_ is intrinsically weaker than HMnOx, because the negative 
charge tends to prevent the escape of the positive proton. 

An uncharged acid cannot of itself separate into a positive proton 
and negative anion; energy must be supplied from somewhere. This 
energy may come from a chemical reaction such as the combination 
between the proton and the solvent. 

According to the simplest view, an acid A dissociates as follows, 


A=HtT+B 


where B is a base, defined by Brénsted as a substance which takes up 
protons; but, according to a more nearly complete picture, it is neces- 
sary to include something to react further with the free proton, pro- 
viding energy for the liberation of the proton from the acid. Thus, 


A, + solvent = H*-solvent + B, (7) 
But, since 
H*-solvent = H+ + solvent 


H*-solvent may be regarded as an acid A» and the solvent as a base 
B. Then rewriting equation 7, we have 


A, + By = Ap + By (8) 
Hydrochloric acid in water may be taken as a specific example. 


HCl'- HOW = He: Ho0 cl 
Ay Be Ay By 
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This theory emphasizes the similarity between all such processes as 
the following: 


Acid Base + Proton 
NEV NH3 + At 
0 = ORE l= + Ht 
SOS SO,4- + Ht 
BPO.T = PO +Ht 


HFe(CN)s= = Fe(CN)gs—— +H 
Cr(H20)gttt — Cr(H,0);OH t+ Se ete 
CeHa(NH3)ott = HeNCeH4NH3* + Ht 


All these reactions take place in water solution to an easily measurable 
extent, because water acts as a base and forms the hydrated proton. 
The hydrated proton is often called the hydronium ion (H30*). The 
extent to which these reactions run in different solvents depends on 
the base strength of the solvent, that is, the ability of the solvent to 
attach protons. Thus, at equal concentrations all the dissociations 
would be very complete in the solvent liquid ammonia and very in- 
complete in the solvent acetic acid. The solvent ammonia has a much 
greater attraction for protons than has the solvent acetic acid. 

Dissociation of a dissolved acid into protons occurs by combination 
with the solvent, and the result of this solvolysis is to diminish the 
acidity since a weaker acid is always formed by interaction with the 
solvent; that is, the proton is held more tightly. According to this 
view, HCl is actually very acid in benzene in which the solvation of the 
proton is slight, less acid in water in which it is more solvated, and still 
less acid in ammonia in which the union of the proton with the solvent 
must be still more complete. 

A still more general theory of acids has been proposed by G. N. 
Lewis,* who points out that substances like SO3 and CO, behave as 
acids although they contain no hydrogen. He suggests that an acid 
is a molecule, radical, or ion which can accept an electron pair from 
some other atom to complete its stable quota of electrons, usually an 
octet. A base is a substance which can share this electron pair with 
an acid. In other words, an acid is an electron ‘‘acceptor’” and a base 
is an electron ‘‘donor.”” This definition covers all the acids included in 
the proton theory of acids and many additional substances also. The 
fact that this concept is more general makes it less definite in describing 
the properties of specific acids and bases. 


* Luder, The Electronic Theory of Acids and Bases, Chem. Rev., 27, 547 (1940); 


Luder and Zuffanti, “Electronic Theory of Acids and Bases,’’ John Wiley & Sons, 
New York, 1946. 
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Hydrolysis. It has been shown that a strong acid and a strong base 
react to give a salt which is completely dissociated. Accordingly, when 
such a salt is dissolved, it will dissociate to give positive and negative 
ions, and no change will occur in the hydrogen and hydroxyl ions. How- 
ever, if the salt is made by neutralization of a weak acid, for example, 
with a strong base, the negative ions of the salt will react with the hydro- 
gen ions of water to form the weak acid, thus upsetting the equality of 
free hydroxyl or hydrogen ions. The hydrolysis of sodium acetate to 
give an alkaline reaction is easily understood by reference to the follow- 
ing reactions: 

NaC2H302 — Nat + C,H302 
os i 
HOH = Ofs.--s He 
{f {f 
NaOH HC2H302 


The positive sodium ion and the negative hydroxyl ion attract each 
other, but, since sodium hydroxide is strongly dissociated, there is no 
decrease in the concentration of hydroxyl ions, but the negative acetate 
ion and the positive hydrogen ion react to give undissociated molecules 
of the weak acetic acid. More and more of the water dissociates to 
supply hydrogen ions for the production of acetic acid molecules. 
Finally an equilibrium is reached at which there is a definite excess of 
OH~ ions over H*™ ions. The situation is more simply described by 
stating that the acetate ions have a greater attraction for protons than 
the hydroxyl ions. Thus, 


C2H3027 + HOH = HC2H302 + OH 


Ammonium chloride hydrolyzes in water to give an acid reaction 
because some of the hydroxyl ions from the water are removed as 
ammonium hydroxide, leaving an excess of hydrogen ions. 

Ferric chloride hydrolyzes to give an acid reaction because ferric 
hydroxide is a weak base and because the hydroxyl ions are removed by 
the formation of ferric hydroxide, which is very insoluble. 

In general, the reaction between a dissolved salt and the water to 
give an excess of hydrogen or hydroxyl ions is called hydrolysis. The 
general term for reaction with any solvent is called solvolysis. 

Any method which gives the effective concentration of hydrogen ions 
in the hydrolyzed solution permits the calculation of the degree of 
hydrolysis of a salt. For example, when ammonium chloride ionizes, 
the ammonium ion reacts with the hydroxyl ion of water, and both are 
tied up in undissociated ammonium hydroxide, but there is no tendency 
to produce HCl because it is so strongly dissociated. Each hydroxyl 
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ion removed leaves an excess of one hydrogen ion, and so the number 
of excess hydrogen ions is a measure of the number of ammonium 
chloride molecules which have hydrolyzed. 


Example 7. When 1 mole of ammonium chloride is dissolved in 32 liters of 
water at 25° and allowed to reach equilibrium, a hydrogen electrode in the solu- 
tion registers 0.605 volt against the normal calomel electrode. Calculate the 


degree of hydrolysis x. 
‘ 1 — 0-608 — 0.2802 _ 
eG OSOIIET a 


log ¢g+ = —5.48 = 6.52 
Cyt = Bya « 10-6 


ae S< 1 
as ANG ete oe X<ell ime pea 2e— nO Ge ines 


v 


et = 


The degree of hydrolysis of a salt may be determined also by means 
of electrical conductance. When a salt BA hydrolyzes as follows: 


BA a OpS BA BO 


the limiting value of its equivalent conductance when hydrolysis is 
complete is Aya + Agon, Where Aq, and Agog denote the equivalent 
conductances of the acid and base formed. If A, is the equivalent 
conductance of the unhydrolyzed salt, and A; is the actual conductance 
of the partially hydrolyzed salt at the same dilution, then the increase 
in conductance, corresponding to a degree of hydrolysis z, will be 
A, — As. If the hydrolysis were complete, the increase in equivalent 
conductance would be Aq4 + Ago — As; hence, 
Ap a As 
Ap = 
Ana + Azou — As 

all conductances being measured at the same dilution and at the same 
temperature. The value of A;, the equivalent conductance of the 
unhydrolyzed salt, may be found by determining the conductance of 
the salt in the presence of an excess of one of the products of hydrolysis, 
and deducting from it the conductance of the substance added. Under 
these conditions the hydrolysis is rendered negligible. 


(9) 


Example 8. The equivalent conductance of an 0.0108 M solution of aniline 
hydrochloride is 118.6 reciprocal ohms. When an excess of aniline is added 
(that is, the solution is saturated with aniline), the equivalent conductance 
drops to 103.6. The conductance of pure aniline in water is negligible. The 
equivalent conductance of hydrochloric acid at the same concentration is 411.7. 
Calculate the degree of hydrolysis 2. 

Ayn — As E etts.6 10356 
~ Aga tApon — As 411.7 + 0 — 103.6 


= 0.047 


v 
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Calculation of Hydrolysis Constants. The hydrolysis of a salt like 
any chemical reaction reaches a definite equilibrium for which an equi- 
librium constant can be calculated. 

For a salt of a weak acid and a strong base, the generalized reaction is 


BA + H,0 = Bt + A~ + H,O = Bt + OH” + HA 


but there is no change in B* because both salt and base are fully ion- 
ized. The reaction reduces, then, to 


A-+H,0 S$ OH~ + HA 
and the equilibrium constant is given by the expression: 


_ Cony X CHA (10) 
Ca- X CH,0 


The concentration of water is regarded as constant because water is 
present in large excess, and the hydrolysis constant K, is written 


Rigi CHa X Con7 (11) 


CAS 


Since the ionization constant of water K,, = cq+ X cog-, it follows 
that 
Kw 


Con” Sea 
CAt 


Also, the dissociation constant of the acid K, is 


Cyt X Ca- 
——+ =K, 
CHA 


Substituting these values in equation 11 gives 


TKS, 
Ky ee 
h K, (12) 


The ionization of the salt and the base is practically complete. If the 
degree of hydrolysis of the salt (that is, the fraction of the ions which 
react with water) is designated by x and the original concentration of 
the salt by cs, then, 


CHA = %Cs, Con- = XCs, and cy- = (1 — 2z)e, 
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On substituting these values in equation 11, we have 
Ky Cs" 


Kk, = — = 13 
a Ky 1l—2z ue 


and if x the degree of hydrolysis is quite small 


Ke a 
xv = 
KGGs 


Example 9. Calcuiate at 25° the degree of hydrolysis and the pH of a 0.1 
molar solution of potassium cyanide. This is a salt of a strong base and a weak 
acid. The values of Kycx and K,, are found in the tables. 

IK Cat? 


k, = — = 
5 K, 1-2 


£05410 52.) 0x? 


(URN eal eo apalh eo ey, 
0.0123 
Con- = 0.1 X 0.0123 = 0.00123 


x 


Assuming that doq- = Cop-, we have 


y+ X doy- = 10“ and pH + pOoH = 7+7= 14 
Then since if 
pOH = — log dog- = — log 0.00123 = —3.09 = 2.91 


pH = 14.00 — 2.91 = 11.09 


Example 10. Calculate the ion product for water from the fact that a 0.1 
molar solution of sodium acetate is 0.0080 per cent hydrolyzed at 25°. The 
salt as well as the sodium hydroxide formed from its hydrolysis may be con- 
sidered to be completely ionized. The ionization constant of acetic acid is 
roe 10°, 

Gree 0.1 X (0.000080)? 


Vs ‘4 fa 
ib ae Page ae (1 — 0.000080) 


16x 10s 


KG — hex 


Then, 
Cat = Con- = V Ky = V 1.16 X 10-# = 1.1 X 10-7 


Compare this result with that obtained in examples 5 and 6. 


A salt of a weak base and a strong acid hydrolyzes to give an acid 
reaction, according to the equation, 


b+ + HL.O s BOH + HT 
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and, by a reasoning similar to that shown for equation 13, it is found 


that 
Ki, Ce? 


a be 1—2z 


Kn (15) 


When both acid and base are weak, the salt hydrolyzes according to 


the reaction, 
H.O + Bt + A~ @ BOH+ HA 


and the equilibrium constant is 


2g 2 BOR X CHA (16) 
Cpt x Caz D-< CH.O 


Making use of the dissociation constants K, and K, for BOH and HA, 
respectively, we have 


Cat X Cou- 
CRO = aes 
1G 
and 
Cyt X Ca- 
a 
i 


Then, the equivalent values of cgoq and cy, are substituted into equa- 
tion 16 and the concentration of water remains practically constant 
because it is present in such large excess. The hydrolysis constant K, 
may be written 

Con- X CAt Ky 


a= = 1 
Lins IR aa ERS de 


If the weak acid and base both happen to have about the same 
ionization constant, their concentrations are both approximately equal 
to the concentration of the hydrolyzed salt, and 


CBOH = CHA = Xz 
Moreover, the concentrations cf salt ions are equal to that. of the 
unhydrolyzed salt, and 
Cpt = Ca- = (1 — z)es 


Substituting these values back into equation 16 gives 


a2 
Kp = a= (18) 
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When the extent of the hydrolysis is small, equations 17 and 18 can 
be combined to give 


Zz KK, (19) 

It is to be noted in equation 18 that, in this special case where both 
base and acid are weak and have about the same ionization constants, 
there is no term which gives the concentration of the salt, and, accord- 
ingly, the degree of hydrolysis is independent of the dilution. In the 
hydrolyses described by equations 13 and 15, where either the base or 
the acid is strong, the degree of hydrolysis is greater in low concentra- 
tion; in fact, when the hydrolysis is slight, it increases inversely as the 
square root of the concentration. 

Buffer Solutions. If we turn to Fig. 112 on page 464, we observe 
that a small drop of acid or base added to water at the neutral point or 
to pure water will change the pH greatly, but that when a solution 
contains both acetic acid and sodium acetate at a pH of about 4 the 
slope of the line is much less steep, and the addition of either base or 
acid gives but a slight change in pH. A solution which possesses reserve 
acidity and basicity and, thus, tends to resist changes in pH when bases 
or acids are added is called a buffer solution. Buffer solutions usually 
contain a hydrolyzable salt mixed with the weak base or acid. If a 
base is added to a buffer solution containing a weak acid HA and one of 
its salts MA, the alkali is neutralized by the acid; thus: 


OH] --— HA = HO -- 4 


If an acid is added, the hydrogen ions which it contains react with the 
anions of the salt to form the undissociated weak acid; thus: 


Ht+A-=HA 


If the reserve acidity and reserve basicity are to be equal, there must be 
as many anions A~ to react with added H™ ions as there are acid mol- 
ecules HA to react with added OH ions. Thus: 


CHA = CA- 
US ceaale 
Furthermore, since ¢q+ = —TH* it follows that 
CAa- 
Cyt < KG, (20) 
In other words, the hydrogen-ion concentration is numerically equal to 


the ionization constant of the acid in a buffer solution which contains 
equal moles of a weak acid and its salt. 
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Examples of buffer solutions are given in Table V. 


TABLE V 
BuFFrER SOLUTIONS 

pH Range 
Phthalic acid + Potassium acid phthalate 2.2— 3.8 
Acetic acid + Sodium acetate 3.5- 5.5 
Citric acid + Disodium phosphate 2.4- 8.0 
Borie acid + Sodium borate 7.0— 9:1 
Disodium phosphate -+ Trisodium phosphate 11.0—-12.0 


When equivalent weights of the two substances are taken, the pH is 
near that of the mid-point of the range, and, by altering the ratios of 
the two, it is possible to change the pH gradually. For example, using 
normal solutions a ratio of 5 volumes of N citric acid solution to 1 of 
N disodium phosphate gives a pH of about 3, and a ratio of 1 volume to 
5 volumes gives a pH of about 7. 

Buffer solutions are important in analytical chemistry, in general 
laboratory work, and particularly in biochemistry, where it is desired 
to keep the number of variables to a minimum. Blood, milk, and 
various animal fluids are highly buffered with bicarbonate ions and 
carbonic acid, and with many protein systems. The pH of human 
blood in a normal person is approximately 7.4. Ordinarily variations 
are less than 0.1 of a pH unit, and an increase or decrease of as much 
as 0.4 is likely to be fatal. 

Different enzymes have certain optimum pH values which must be 
rather closely maintained. The type of plants growing in a certain 
locality is largely influenced by the pH of the soil. Forest soil with 
decaying leaves is likely to be acid, whereas limestone soil will have a 
higher pH. For proper productivity of crops it is often necessary to 
add limestone (or sulfur, which changes to sulfuric acid) to give the 
proper pH to the soil. 

Indicators.* Certain weak acids and bases, called indicators, change 
their color in definite pH ranges. The weak indicator acid competes 
with strong acid for the added base, and only after the strong acid is 
neutralized is it affected. When a solution of a base is titrated with an 
acid, the end point is reached when the amount of acid added is just 
equivalent to the amount of base present, and the solution should be 
identical in composition with a solution prepared by dissolving the same 
weight of salt. However, if the salt is hydrolyzed, it requires an indica- 


* A complete discussion of the subject is given by Kolthoff (translation by Rosen- 
blum), ‘‘Acid—Base Indicators,’’ Macmillan Co., 1937. 
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tor which does not change its color at exact neutrality but at the pH 
which is produced by the addition of the salt to the water. 
The simplest reaction for an indicator is 


Hinges Head iets 
(Color A) (Color B) 


where the undissociated indicator acid has color A and the anion of the 
acid In~ has a different color B. The color is due to resonance, that is, 
to the motion of electrons in a special type of structure, such, for exam- 
ple, as a system with alternating single and double bonds with suitable 
groups attached. The vibration period of the electrons in the ion form 
must be different than that in the undissociated acid. Phenolphthalein, 
for example, is a weak colorless acid which reacts with sodium hydroxide 
or other base to give a salt which dissociates to give an anion which is 
red. Methyl orange, on the other hand, gives an acid which is pink 
but an anion which is orange. 

The pH range in which these indicators change color depends on their 
ionization constant, and they may be selected for use in different ranges 
as shown in Table VI. 


TABLE VI 

INDICATORS 
Indicator pH Range Indicator pH Range 
Picric acid 0.0-1.3 || Brom thymol blue| 6 7.6 
Thymol blue 1.2-2.8 || Phenol red 7.2- 8.8 
Brom phenol blue 3.0-4.6 |} Thymol blue 8.2- 9.8 
Methyl orange 3.1-4.4 || Phenolphthalein 8.3-10.0 
Methyl red 4.46.0 || Alizarine yellow R| 10.1-12.1 
Brom cresol purple} 5.4-7.0 || Nitramine 11.0-13.0 


Buffer solutions are widely used as standards in color titrations when 
it is desired to titrate to a definite pH value. They are used also to 
determine the pH of an unknown solution, by comparing the color 
with a series of colors obtained by adding the indicator to a series of 
buffer solutions. The pH of the solution is the same as that of the 
particular buffer whose color matches that of the solution. Tables of 
suitable indicators have been arranged which cover the whole range of 
pH values. 

The ‘neutral color” of an indicator is obtained when there are equal 
concentrations of the un-ionized acid and the anion forms giving equal 
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quantities of the two differently colored materials. Under these condi- 
tions, since 
CHIn = €In~ 


the concentration of hydrogen ions is equal to the dissociation constant 
of the indicator, thus 
CO — Kum = Kuz (21) 
CIn- 

With most indicators it is difficult to detect a sharp color change 
over a narrow range of pH. Often it is possible to neutralize about 
10 per cent of the indicator before a change in color is detectable, and 
the change does not appear to be complete until about 90 per cent of 
the indicator is neutralized. Then the visible range of color change 
gives values of cyz,/C¢z,- from 0.9/0.1 to 0.1/0.9. This corresponds to 
a pH range of nearly 2. 

The exact ratio of cgy,/¢r,- can be determined experimentally by 
measuring the milliliters of base which must be added to a known amount 
of indicator to bring about a detectable color change. 

Color indicators may be used to show not only when a certain hydro- 
gen-ion concentration is reached but also when a certain ratio of oxidiz- 
ing to reducing material is reached. In the former case the color change 
corresponds to a definite voltage of the hydrogen electrode, whereas in 
the latter it corresponds to a definite voltage of an inert platinum elec- 
trode. The loss of color by the reduction of potassium permanganate is 
well known. The reaction takes place at a definite reduction—oxidation 
potential. Certain organic compounds such as diphenylbenzidine change 
color sharply at a given reduction potential and pH. By having a 
series of these reduction—oxidation indicators and noting which one 
changes color when placed in a solution, the reduction—oxidation poten- 
tial of the solution may be readily determined. 

Products from some bacterial actions have reducing action and can 
be tested for, by changing the color of a reduction—oxidation indicator. 
For example, milk that has been subjected to bacterial action will de- 
colorize methylene blue. 

The Solubility Product. The solubility product s is the product of 
the activities of the ions of an electrolyte in a saturated solution, each 
activity being raised to its proper exponent. Thus, if A,B, = 
nA* + mB7 in a saturated solution, 


= aaa" x CS (22) 


Silver chloride may be taken as an illustration. The solubility is 1.1 X 
10~° mole per liter, and, since the dissociation is practically complete, 
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Cast = Co = 1.1 X 107° gram ion per liter. For the difficultly soluble 
salts, the solutions are so dilute that the activities are essentially the 
same as the concentrations, and it is general practice in these cases to 
use concentrations instead of activities. The equilibrium constant K is 


and the solubility product is 
SC Xcoe L<-10 KINA O10 1.2 x10” 


It is not necessary to consider the concentrations or activities of solids 
in the solubility product because they remain fixed. The activity a of a 
solute is defined as equal to f/f°, where the pure solid is taken as the 
standard state with the fugacity f°. Then, for the solid, a = f°/f® = 1. 


Example 11. Calculate the solubility product of silver chromate AgoCrO, if 
the solubility is 8 X 107° mole per liter. 


S$ = Cagt? X Coro,-— = (0.00016)2(0.00008) = 2 X 10-2 


Example 12. The solubility of strontium oxalate at 20° is 0.00054 mole per 
liter. Calculate the solubility product. 


§ = gett X Coyo,-- = (0.00054) (0.00054) = 2.916 X 10-7 


How much strontium oxalate will be dissolved in a solution of 0.04 M sodium 
oxalate? Let x equal the moles of strontium oxalate which dissolve per liter. 


I 


2.916 X Ort = Coptt+ x Ooxoyr = = alae + 0.04) eye + 0.042 
(ou l0eeamole 


§ 


x 


(x? is so small in this example that it may be dropped out in solving this 
equation.) 


A few solubility products are given in Table VII. 


TABLE VII 


SoLuBILIry Propucts aT 25° 


AgCl LPS AOR Oy | EOE) ||] Bo STOR 
AgBr Tater 10-8 CaCeO4 De < Nee 
Agl 0.9 X 10716 || CaCOs O10 
SrSO4 IES OG LOman Bbs tei 
BaSO, 1.1 * 107° || MnS GE SS IO 
PbSO, 1.0 x 107% || AgeS 1644100" 
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Example 13. Determine the solubility of silver chloride by means of a silver 
electrode. The voltage E for the following cell was found to be 0.4550 volt 
at 25°. 


Ag; AgCl(sat.), KCl(0.1 m) || AgNO3(0.1 m); Ag 


Gagt = ay Gagt = ig 


The activity coefficient of 0.1 m AgNOs is 0.82. Calculating the activity of silver 
ions in the saturated silver chloride solution at the left: 


E 


io a = ail, 
0.4550 = —0.0591 log | = —0.0591 log 0.82 x 01 


ay Giex 10-2 


The activity coefficient of 0.1 m KCl is 0.76, and it is not appreciably changed 
by the very small amount of silver chloride dissolved. Then, 


Gagt X Aqg~ = (1.67 X 10-%) X (0.76 XK 0.1) = 1.27 X 10-” 


When silver chloride is dissolved in pure water, the concentrations of silver and 
chloride ions are equal. Moreover, the solution is so dilute that the activities are 
the same as the concentrations. Then, 


Solubility = ~/cagt X Cor & V dagt X Gare = V1.27 X 10-1 
= 1.13 X 10~° mole of silver chloride per 1000 g of water 


Classification of Strong Electrolytes. Thus far this chapter has dealt 
mostly with weak electrolytes, which exist largely in the form of undis- 
sociated or un-ionized molecules. They include many organic acids 
and bases and a few inorganic compounds. The strong electrolytes, 
which include almost all salts, the mineral acids like hydrochloric and 
sulfuric, and the alkali hydroxides, will now be discussed. 

Several properties of these strong electrolytes have been studied in 
earlier chapters—the activities of electrolytes and the dissociated ions as 
determined by electromotive-force measurements, the abnormal lower- 
ing of the freezing point, and the change of equivalent conductance 
with dilution. The distinction between strong and weak electrolytes is 
not sharp, and there are, of course, many electrolytes which are inter- 
mediate in their beHavior. 

Dilute solutions are used for studying the properties of strong elec- 
trolytes because the properties of the ions are additive at infinite dilu- 
tion. For example, the heats of formation of the ions in dilute solution 
can be used for calculating the heats of reaction of electrolytes. Again, 
the absorption spectra of strong electrolytes in dilute solutions are 
usually characteristic of the individual ions as, for example, in the case 
of the permanganates of sodium, potassium, ammonium, zinc, mag- 
nesium, and hydrogen, all of which give the same absorption spectrum. 
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In addition to the distinction between weak electrolytes and strong 
electrolytes, another subclassification of strong electrolytes based on 
valences is useful. In the 1-1 electrolytes the positive and negative 
ions both have a valence of one as in NaCl, HNO3 and KOH; whereas 
in the 2-2 electrolytes both positive and negative ions have a valence 
of two as in ZnSO, and CuSO,4. The first term refers to the positive 
ions, the second to the negative ions; thus, HzSO4 and K,CO3 are 1-2 
electrolytes, Ba(OH)z and Pb(NO3)2 are 2-1, AI(OH)3 is 3-1, and 
Aly(SO4)3 is a 3-2 electrolyte. 

The total number of ions v is important in determining the factor by 
which the freezing-point depression or other property must be multi- 
plied in very dilute solutions. For NaCl, » = 2; for CuSQO,, v = 2; for 
BaCly, v = 3; for K3Fe(CN).¢, vy = 4; and so on. In more concentrated 
solutions the multiplication factors are smaller than these numbers, as 
shown on page 249, because the effect of the attraction between ions 
becomes greater at the higher concentrations. On account of the 
greater attraction between ions with more than one electric charge, the 
solutes containing high valence ions cause greater deviations from the 
values obtained at infinite dilution than do the 1-1 electrolytes—a 
theory which is fully verified by experiment. The charges on the ions 
can be treated most successfully in terms of the zonic strength, a term 
which was first used by G. N. Lewis.* In calculating the ionic strength 
u of a strong electrolyte, the concentration of each ion (in gram ions per 
1000 g of solvent) is multiplied by the square of its valence, and all 
these quantities are added together and divided by 2.T 


Example 14. Calculate the ionic strength of the following solutions of elec- 
trolytes. 


2 2 
For 0.01 m NaCl, 0.01 X 12+ 0.01 X 1 


= 0.01 


2 
0.01 2? + 0.01 Dies 
For 0.01 m CuSOu, pv = nA as ms = (0.04 
0.01 X 12+ 0.01 x 17+ 0.01 X 2? eo 


0.03 


For 0.01 m HeSO4, pw = 3 
Several properties of electrolytes at a given molality depend not on 
the specific electrolyte but merely on the ionic strength. 
For example, an equal number of moles of sodium chloride, potas- 
sium nitrate, and lithium perchlorate all have the same effect on the 


* Lewis and Randall, ““Thermodynamics and the Free Energy of Chemical Sub- 
stances,” McGraw-Hill Book Co., New York, 1923, page 373. 

+ Sometimes concentrations on a volume basis rather than a weight basis are 
used, particularly in applications of the Debye—Hiickel theory. 
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solubility of thallous bromide. Since they are all 1-1 electrolytes, they 
will have the same ionic strength at the same concentration. Moreover, 
since the ionic strength of copper sulfate is four times that of a 1-1 
electrolyte at the same concentration, the effect of copper sulfate on the 
solubility, or other properties which involve interionic attraction, will 
be four times as great as the effect of sodium chloride at the same 
molality. 

Again, for strong electrolytes in dilute solution the ionic strength de- 
termines to a large extent the influence of concentration on the depar- 
ture from the behavior of ideal solutions. The quantitative deviations 
are shown in Table VIII. 

TABLE VIII 


INFLUENCE oF Ionic STRENGTH ON BEHAVIOR OF STRONG ELECTROLYTES 


Molal 
Electrolyte | Molality | ae K ee ie = : 
Depression 

KCl 0.01 0.01 3.610 1.943 0.97 
AgNOs3 0.01 0.01 3.60 1.94 0.97 
CuSO, 0.01 0.04 2.703 1.45 0.73 
ZnSO. 0.01 0.04 2.80 1.51 0.76 
KeSO4 0.01 0.03 5.198 2.80 0.93 
LaClg 0.01 0.06 8.0 4.3 1.07 
K3Fe(CN)¢ 0.01 0.06 6.966 3.75 0.94 
Ky4Fe(CN)¢ 0.01 0.10 6.8 3.66 0.73 
KCl 0.05 0.05 3.50 1.88 0.94 
K.SO4 0.0167 0.05 5.02 2.70 0.90 
CuSO, 0.0125 0.05 2.66 1.48 OnZ 
LaCls 0.0083 0.05 6.6 3.55 0.89 
K3Fe(CN)¢ 0.0083 0.05 (Sos 3.63 0.91 
KyFe(CN)¢ 0.0050 0.05 Upeil 3.8 0.76 


The ratio 7 was shown on page 248 to be the ratio of the freezing-point 
lowering of a given solute to the freezing-point lowering of an ideal 
nonelectrolyte. Thus, 7 = (AT;/m)/1.860. As the solution approaches 
infinite dilution, 7 approaches v, where y is the number of ions (1, 2, or 
3, etc.) into which the electrolyte dissociates, as shown in Fig. 67 on 
page 249. 

The ratio 7/y then approaches 1 at infinite dilution, and it becomes 
less than unity in more concentrated solutions, as the charged ions collide 
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more frequently and cause a departure from the behavior of an ideal 
solution. The point to be observed in the table is that, for salts of a 
given valence type, the magnitude of this ratio 7/v depends largely on 
the ionic strength. At a given concentration all 1-1 electrolytes have a 
nearly the same value of 2/y, regardless of the chemical nature of the 
salt such as KCl, NaBr or AgNOs, and 1-2 electrolytes and 2-2 electro- 
lytes have other definite values, depending on the ionic strength. 

The ionic strength, then, is more fundamental than the chemical 
composition of the electrolyte in predicting how the freezing-point de- 
pression or other related osmotic properties of strong electrolytes will 
differ from the properties at infinite dilution. These relations apply 
also to weak electrolytes, but, then, the much greater effect of partial 
ionization makes them relatively unimportant. For weak electrolytes 
i/v may be used to calculate the degree of dissociation. But for strong 
electrolytes 7/v differs from unity owing in part to interionic attraction, 
and it does not give the degree of dissociation. 

Interionic Attraction. The behavior of strong electrolytes in moderate 
concentrations can be understood in a qualitative way by realizing that 
oppositely charged ions attract each other and cause deviations from the 
behavior of ideal solutions, just as to a lesser degree the attraction be- 
tween molecules in a gas causes deviations from the behavior of an ideal 
gas. The quantitative aspects of the theory have been developed by 
Debye and Hiickel, as is shown later. The positive and negative ions 
are so far apart in very dilute solutions that they exert no attractions 
on each other, and the molal freezing-point depression or other osmotic 
property is just twice as much for a 1-1 electrolyte like potassium chlo- 
ride as it is for a nonelectrolyte like sugar. According to one view, the 
addition of nonvolatile ions to water decreases the rate at which the 
water molecules can leave any surface and thus reduces the vapor pres- 
sure of the water. However, when the solution is at all concentrated, 
the interionic attraction tends to pull the ions inward away from a 
surface, thus making the water-blocking effect less per ion. The magni- 
tude of this interionic attraction depends not only on the concentration 
but also on the valence type; a divalent ion with its two charges exerts 
a greater interionic attraction than a univalent ion. These two influ- 
ences find quantitative expression in the ionic strength, as described in 
the preceding section. 

It might be thought that there is no essential difference between 
these partially attracted ions of the interionic attraction theory and 
the undissociated molecules of the Arrhenius theory. For weak elec- 
trolytes the Arrhenius theory is adequate, but for strong electrolytes 
it offers no explanation of the important effect of valence type and ionic 
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strength. Moreover the experimental evidence, such as the ionic 
nature of the crystal lattice, supports the view that most strong electro- 
lytes are largely dissociated into ions. 

The interionic attraction theory explains not only the influence of 
concentration on the osmotic properties of strong electrolytes, but also 
the effect of electrolytes on the solubility of salts. The effect of a com- 
mon ion in decreasing the solubility of a difficultly soluble salt was 
treated under the discussion of the solubility product, but this relation 
fails to hold accurately if the solution contains a high concentration of 
electrolytes. It does not apply to highly soluble salts, nor does it 
account for the increase in solubility produced by the addition of other 
electrolytes which do not have a common ion. The solubility of thallous 
chloride in various salt solutions * comprised one of the first investiga- 
tions to show the influence of an excess of electrolytes on solubility. In 
pure water thallous chloride dissolves to the extent of about 0.016 mole 
per liter; when potassium chloride is added, the solubility is decreased; 
but, when potassium nitrate is added, the solubility is increased—one 
tenth of a mole per liter raising the solubility to 0.019 mole per liter. 
Potassium nitrate contains no ion common with thallous chloride, and 
it might be expected to have no effect. It will be remembered that in a 
saturated solution there is a dynamic equilibrium with molecules or ions 
going into solution from the crystal and returning to the crystal. The 
rate of escape of ions from the crystal is not influenced by the addition 
of electrolytes to the solution, but the number of collisions on the crystal 
from solution is decreased by the addition of ionized substances, because 
each positive ion is drawn to the solution by a mass of negative ions and 
each negative ion by a mass of positive ions. A greater total concentra- 
tion is required in the presence of extra ions to give an effective concentra- 
tion sufficient to maintain equilibrium conditions with the crystal. 
Consequently, the analytically determined solubility is increased. It is 
fair to imagine that potassium chloride itself exerts (1) an effect of 
interionic attraction which tends to increase the solubility of thallous 
chloride, and (2) a common-ion effect which tends to decrease the 
solubility. 

The increase in solubility due to the addition of any electrolyte leads 
to a corresponding increase in the solubility product as more electrolyte 
is added. In Fig. 116 are shown the results with the 1-1 electrolyte, 
thallous chloride, and the 2-2 electrolyte, calcium sulfate. The devia- 
tions in the latter are much greater than in the former as is to be ex- 
pected on account of the higher ionic strength at a given molality and 
the greater interionic attraction of the divalent calcium and sulfate ions. 


* Bray and Winninghoff, J. Am. Chem. Soc., 33, 1663 (1911). 
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If equation 22 for the solubility product applied rigorously, all the lines 
would be horizontal. 

The decrease in the measured activity of ions, produced by the addi- 
tion of other electrolytes, and the departure from the ideal behavior as 
the solution of strong electrolytes becomes more concentrated can now 
be offered as an explanation of the need for activity coefficients in under- 
standing the electromotive force of solutions. The potential of an 
electrode immersed in a solution of its ions is determined in part by 
the frequency with which the ions collide with the surface of the elec- 
trode. When this collision frequency is de- WIE 
creased, the potential will become less posi- 


tive, if the electrode exchanges electrons with 2” 

positive ions in contact with it, and less 4 — 

negative, if it exchanges electrons with nega- Z | 

tive ions. When a given potential is regis- 3 ox 

tered by an electrode in a very dilute solution 

of its ions, the potential should change by ike ta See 
RT/nF \og 10 or 0.0591/n volt at 25° for a eked Conccuizsben af Gelie 
tenfold increase in concentration. However, a TMawaKO 


C. CaSO, with CaCh 


the change will be less than this, because the 

interionic attraction and the correction for 16-116. Influence of salts 
effective concentration will be greater in the sac ine RE ‘gies 
more concentrated solution. This correction % : 

for effective concentration is determined by experiment and designated 
as the activity coefficient. 

The interionic attraction theory in the quantitative form developed 
by Debye and Hiickel makes it possible to calculate these activity 
coefficients in dilute solutions. 

The Debye-Hiickel Theory. The interionic attraction theory has 
already been employed to explain in a qualitative way various phe- 
nomena involving ions. It was shown on page 509 that the mutual 
attraction between positive and negative ions at ordinary concentra- 
tions leads to a smaller decrease in vapor pressure than is to be ex- 
pected on the assumption of complete separation at infinite dilution. 
This effect leads also to similar decreases in the freezing-point depres- 
sion and other colligative properties. Abnormalities in solubilities 
and solubility products and single-electrode potentials were interpreted 
also on the basis of this theory as was the change in electrical conduct- 
ances of strong electrolytes with concentration. 

When the dissociation of strong electrolytes is complete, the prop- 
erties mentioned in the preceding paragraph can be treated quantita- 
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tively with the help of the Debye—Hiickel theory.* When the dissocia- 
tion is incomplete, however (as is true in the case of sulfuric acid, cad- 
mium chloride, calcium iodate, and several inorganic salts and most 
organic compounds), the theory does not describe the behavior com- 
pletely because electrolytic dissociation is still important. The Debye— 
Hiickel theory has been remarkably successful when applied to most 
strong electrolytes in dilute solution. 

The mathematical development of the Debye—Hiickel theory is 
given in the appendix on page 680. It is based on the work required 
to separate the ions in the process of dilution. The attractive or repul- 
sive forces are governed by Coulomb’s law of charged bodies and depend 
on the magnitude of the ionic charges and the distance between ions as 
given by the expression €,€2/Dr”, where e; and €2 represent the charges, 
D the dielectric constant of the solvent, and r the average distance 
between ions. In very dilute solutions r becomes so great that this 
attractive force approaches zero, and the simple laws of complete dis- 
sociation are adequate. Debye and Hiickel derived the following ex- 
pression, which holds for strong electrolytes in dilute solution, 


Fz," QrNu (23) 
a Ol eT ee 
%  “(DkT)* VN 1000 


where 7; = activity coefficient of ion species 7 (page 470) 
z; = charge on ion species 7 
e = charge of an electron = 4.803 X 107!° electrostatic unit 
D = dielectric constant of the solution = 78.56 for water at 
298° K 
N = Avogadro’s number = 6.023 X 1073 
k = gas constant per molecule = R/N = 1.3805 X 1071° erg 
per degree 
wu = ionic strength = $(cy2,? + cozo” + cgzg? +---), the sum- 
mation being taken over all the ions in the solution 
concentration of ion species 7 in moles per liter 


Cj 


Equation 23 shows that in dilute solution the activity coefficient 
of an ion depends only on its valence, the ionic strength, the dielectric 
constant of the medium, and the temperature. Hence, all univalent 
ions, for example (both positive and negative), in the same solution 
will have the same activity coefficients. 

If we introduce the mean activity coefficient y of the electrolyte 


* Debye and Hiickel, Physik. Z., 24, 185, 305 (1928); Noyes, J. Am. Chem. Soc.. 
46, 1080, 1098 (1924); 47, 2122 (1925). 
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(page 470) and put in numerical values for water at 25°, equation 23 
becomes, for an electrolyte composed of just two kinds of ions, 


— log y = 0.5092;22 ~/u (24) 


The numerical constant will be different for solvents other than water 
and for temperatures other than 25°. In this equation 2; and 2 are 
the number of electric charges on the ions (without regard to the sign). 

120 


110 


100 


© NaCl 
90- A KNO3 
® MgSO, 
OH K;Co (CN), 


—log y x 10° 


EN 


Fig. 117. Influence of salts of different valence type on activity coefficient. 


A test of this equation is shown in Fig. 117. Bronsted and LaMer * 
determined the solubility of certain complex cobalt amines in salt 
solutions of various ionic-charge types and compared the solubility with 
the solubility in pure water, thus obtaining values of the activity 
coefficients y. In Fig. 117, — log y is plotted against ~/u. The lowest 
line corresponds to a 1-1 cobalt compound where 22, is 1, and the slope 
is seen to be 0.5. The ionic strength of the solution rather than the 
specific nature of the added salt determines the value of y. The next 
line corresponds to a cobalt salt of the 1-2 type where 2,22 has a value 
of 2, and the slope is 2 X 0.5 = 1. The steepest line in Fig. 117 cor- 


* Bronsted and LaMer, J. Am. Chem. Soc., 46, 555 (1924). 


514 IONIC EQUILIBRIA 


responds to a 1-3 compound where 2,22 is 3, and the slope is 1.5. This 
equation gives a theoretical justification for the ionic strength » which 
Lewis found, empirically, to be of considerable importance in the study 
of electrolytes. It emphasizes the fact that in dilute solutions the actw- 
ity coefficient of a given strong electrolyte is the same in all solutions of the 
same ionic strength, regardless of the specific electrolytes added. 

Concentrated Solutions. Thus far the discussion has been concerned 
only with behavior of the solute and the mutual electric attraction of 
its ions. In concentrated solutions and in certain solvents other factors 
are involved. In actual practice the properties of the solution are 
measured rather than the properties of the isolated solute, and interac- 
tion with the solvent or with other ions must be considered. 

There is ample evidence that many solutes combine with the water _ 
to form hydrates. The term solvates is more general, applying as it does 
to any solvent. This evidence includes coler changes, shifts of absorp- 
tion bands, deviations from Beers’ law of light absorption, abnormal 
osmotic properties, abnormal conductance values, transport of solvent 
along with solute in electrolysis, transference numbers, and so on. 

The formation of ion—hydrates or ion—-solvates is easily interpreted as 
being due to an ion—dipole attraction. The ions have a definite positive 
or negative charge, and the molecules of those solvents, such as water, 
ammonia, and alcohol, which produce electrolytic dissociation, have 
large dipole moments. There is a definite force of attraction between 
two such units. Liquids of small dipole moment such as benzene and 
carbon tetrachloride fail to dissolve the alkali halides and other elec- 
trolytes which might be expected to ionize. In fact, it is the reaction 
between solute and solvent, the ion-dipole interaction, which provides 
energy sufficient to separate the solid into its ions and put them into 
solution. 

Another result of this interaction between ion and solvent is a pro- 
found change in the nature of the solvent in concentrated solutions, as, 
for example, in water containing high concentrations of dissolved salts. 
Nonelectrolytes such as ether and gases are thrown out of a saturated 
solution when sodium chloride is added in large quantities. Again, in 
the extraction of solutes from water by shaking with ether or other im- 
miscible solvent, the extraction is greatly facilitated by the addition of 
large quantities of electrolytes which interact with the dipoles of the 
water and change the properties of the water so as to decrease its solvent 
effect. Sometimes the salt interacts with the new solute and increases 
the solubility. 

Another phenomenon which brings out the abnormal behavior of 
water in concentrated solutions is the molal depression of the freezing 
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point. The molal depression at infinite dilution for 1-1 electrolytes is 
3.7° and for 2-1 electrolytes is 5.56°. When the concentration is in- 
creased, the molal depression decreases, as is to be expected from Fig. 67 
on page 249, but, when the concentration approaches half-molal, the 
molal depression starts to increase; in MgCly and CaCl, it is larger at 
1-molal than it is at infinite dilution—and in 2-molal solution it is over 
9°. The increases are but slight in electrolytes which do not form 
hydrates, and the large increases in MgCle and CaCl, are probably due 
to the fact that these salts form hexahydrates, CaCly-6H2O, for exam- 
ple, so that at the high concentrations much of the water is tied up with 
the solutes, reducing the amount of normal solvent water and producing 
a higher effective concentration and, hence, an abnormally greater 
depression of the freezing point. 

Complex Ions. Electrolytes other than 1-1 electrolytes can ionize, 
theoretically, in steps as in the case of sulfuric acid: 


H.SO4 ad Hee aie HSO,4~ 
HSO,- — Ht + SO.— 


The tendency to form HSO,7 ion is greater in concentrated solutions, 
because in dilute solutions the HSO,7 ion will ionize further, as indi- 
cated by the second reaction. 

Many examples of complex ions are known in which two or more ions 
or groups combine to form larger ions which have distinctly different 
properties. Thus, for example, when sodium cyanide is added to silver 
nitrate, AgCN is precipitated, but, when an excess of cyanide is added, 
the precipitate dissolves, owing to the formation of a complex ion, 
according to the reaction: 


ICN + Ag? = Ag(CN)s> 


This complex ion Ag(CN) 2” is quite stable and has properties quite dif- 
ferent from either CN~ or Agt. It is negatively charged and moves to 
the anode in electrolytes carrying silver in the direction opposite to that 
in which Ag™ ion travels. 

These complex ions can be explained in many cases as due to an inter- 
action between an ion and a molecule with a high dipole moment, as, 
for example, the deep blue ion Cu(NH3)4** which is produced when 
ammonia or ammonium hydroxide is added to a solution of a cupric salt. 

Summary of Concentration Ranges. It may be concluded from what 
has been said in this chapter that aqueous solutions of electrolytes may 
be classified roughly into four different groups, depending on the concen- 
tration. 
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In exceedingly dilute solutions (less than 0.0001 M for strong elec- 
trolytes and much less for weak electrolytes), the solute is completely 
dissociated, in agreement with either the Arrhenius or the interionic 
attraction theory. 

In dilute solutions (0.0001 to 0.01 M) the Arrhenius theory is satis- 
factory only for weak electrolytes such as acetic acid, but even here 
interionic attraction is a factor. The Arrhenius theory does not apply 
to the strong electrolytes, but the interionic-attraction theory is neces- 
sary for strong electrolytes. Again, however, partial dissociation is a 
factor, even in some inorganic electrolytes which might be expected to 
be largely dissociated. 

In solutions of moderate concentration (0.01 M to 1 M) the proper- 
ties of strong electrolytes are affected both by interionic attraction and 
by the presence of un-ionized molecules. The mere fact that one can 
smell hydrochloric acid molecules from a 1 M solution of HCl proves 
that some undissociated molecules exist in the solution. Exact the- 
oretical calculations cannot yet be made in this region. 

In concentrated solutions (greater than 1 M) the character of the 
solvent is markedly changed by the presence of the solute, and the sit- 
uation is very complicated. Hydration or solvation of the solute and 
depolymerization of the solvent may be factors. 

These classifications are to be taken only as rough approximations, 
and they vary greatly for different electrolytes. Apparently, some 
salts, such as mercuric chloride and cadmium chloride, are only very 
slightly dissociated, even in dilute solution. 

In nonaqueous solutions with low dielectric constants the interpreta- 
tion is more difficult, and, in general, the solutions must be more dilute 
than the aqueous solutions before the theoretical equations can be 
applied. : 

Theories of Conductance.* Although theories of conductance do not 
properly belong in a chapter on ionic equilibria, the following brief 
discussion has been postponed until after the presentation of the inter- 
ionic attraction theory. The earlier attempts to explain the phenomena 


* Additional material on this subject may be found in the following references: 
Glasstone, “Introduction to Electrochemistry,” D. Van Nostrand Co., New York, 
1946; Harned and Owen, “The Physical Chemistry of Electrolytic Solutions,” 
Reinhold Publishing Corp., New York, 1943; Kraus, The Present State of the 
Problem of Electrolytic Solutions, J. Chem. Education, 12, 567 (1935) ; MacInnes, 
The Interionic Attraction Theory of Electrolytes, Science, 86, 23 (1937); “The 
Principles of Electrochemistry,’ Reinhold Publishing Corp., New York, 1939, 
Chapters 18 and 19; Fuoss, Properties of Electrolytic Solutions, Chem. Rev., 17, 27 
(1935); Davidson, Recent Advances in the Electrochemistry of Non-Aqueous Solu- 
tions, J. Chem. Education, 14, 218 (1937). 
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of the electrical conductance of strong electrolytes were handicapped 
by an overemphasis of the Arrhenius theory and a lack of data concern- 
ing nonaqueous solutions. Rapid advances following the Debye—Hiickel 
theory of interionic attraction, broader investigations with different 
solvents, including those of low dielectric constant, and improved 
experimental techniques now permit a fairly quantitative understand- 
ing of the conductance behavior of dilute aqueous solutions and ex- 
tremely dilute nonaqueous solutions. Moreover, the causes of devia- 
tions in the more concentrated solutions are now known, at least in 
part. The aqueous solutions and the solutions of high dielectric con- 
stant are still the simplest to interpret. It may be remembered that the 
conductance depends on both the number of ions and the velocity of 
the ions. In some strong electrolytes the ionization is so complete that 
the changes in equivalent conductance are concerned with the mobility 
of the ions. 

According to the present theory, each ion in a solution is surrounded 
by an ionic atmosphere of central symmetry, resulting from the com- 
bined effect of Coulomb forces between the charged ions and the ther- 
mal agitation. When an external potential is applied, the electrical 
force overcomes the ordinary frictional resistance to the motion of the 
ions, and they move toward the electrode of opposite charge. This 
motion, however, sets up two retarding forces. The first, known as the 
relaxation force, is the result of the movement of the ion from the center 
of its atmosphere under the influence of the applied potential. Since 
the atmosphere requires a finite time for its formation, a portion of the 
atmosphere will lag behind its normal position, producing a dissym- 
metry in the direction of motion and causing the ion to suffer a reduced 
mobility. 

The second retarding force arises from an electroosmotic motion (page 
543) of the solvent in the direction opposite to that of the ion. The 
effect of each of these forces can be expressed in ordinary conductance 
units, as pointed out by Debye and Hiickel, and Onsager,* thus, 


= Ay — Ar — An = Ap —A-V/c An —b Ve (25) 


where Ag is the conductance at infinite dilution, Ay is the relaxation 
force and Ay the electrophoretic force, c is the concentration and 
a and 6 are theoretical constants derived from a mathematical treat- 
ment of this ionic atmosphere. For a 1-1 strong electrolyte in water at 
25°, equation 25 is 

A = Ao — (59.8 + 0.227 Ao)+/c (26) 


* Onsager, Physik. Z., 28, 277 (1927). 
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In an alternating field each ion in solution will acquire a periodic 
reaction. If the frequency is increased to a point where the period of 
oscillation of the ion becomes comparable with the time of relaxation, 
the dissymmetry in the ionic atmosphere will decrease, the effect of the 
electric force of relaxation will diminish, and the equivalent conduct- 
ance will increase. Also, by the application of very high voltages, the 
ion may be forced to move fast enough to escape completely from its 
atmosphere, so that both retarding forces disappear, and the equivalent 
conductance approaches its limiting value at infinite dilution. Debye, 
Falkenhagen, Wien, and Onsager have all made theoretical studies of 
frequency and field strength, and the results are in general accord with 
the experimental facts. 

Fuoss has developed an equation which gives straight lines when 
the function Aj/A (corrected for interionic attraction) is plotted against 
a function of the concentration and the square of the activity coefficient. 
It applies in dilute solutions to all electrolytes in various solvents. In 
solvents of low dielectric constant (below 10) it applies only to the ex- 
tremely dilute solutions, and a minimum is observed in the curve at 
higher concentrations. This behavior is due to the formation of a com- 
plex between a molecule and one of the ions. Such combinations are 
less likely to occur in solutions of high dielectric constant. 

In benzene and other solvents of extremely low dielectric constant 
there is a combination of ions and molecules into still larger aggregates, 
as shown, for example, in the abnormally small depression of the freez- 
ing point. The abnormalities are greatest in the case of small ions with 
large dipole moments. 

In general, the properties of an electrolytic solution depend on the 
solvating power and the dielectric constant of the solvent, and on the 
size, configuration, and space distribution of the ions. In water which 
has a dielectric constant of 78 and a marked tendency to combine with 
ions, there is no detectable difference in the ionization of potassium 
chloride, potassium bromide, and potassium iodide, but there is a 
marked difference in liquid ammonia which has a dielectric constant of 
22 and a lesser tendency to solvate. At —34° in ammonia, the dissocia- 
tion constants for potassium iodide and chloride are, respectively, 
0.0042 and 0.00087. Those electrolytes with the largest ions are the 
most highly dissociated in a given solvent. 

The generalizations discussed in this section apply only to dilute 
solutions. In concentrated solutions the phenomena are too compli- 
cated to describe with mathematical formulas yet devised. Finally, 
it should be pointed out that electrical conduction is an irreversible 
process and that it is distinct from freezing-point lowering and other 
reversible processes which are of interest in thermodynamics. 
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PROBLEMS 


1. At 25° the equivalent conductance of propionic acid at infinite dilution is 
385.6 ohms, and the ionization constant is 1.34 X 10~°. Calculate the equivalent 
conductance of a 0.05 N solution of propionic acid at 25°. Ans. 6.32 ohm7. 

2. At 40° the ionization constant of ammonium hydroxide is 2.0 X 107°. (a) What 
is the OH” ion activity in a 0.1 M solution? (6) What is the OH ion activity of a 
solution 0.1 M with respect to ammonium hydroxide which is also 0.1 M with respect 
to ammonium chloride, if the latter is assumed to be completely ionized? 

Ags, @) NAE S108, @) AO S< 10-2, 

3. The ionization constant of ammonium hydroxide is 1.4 X 107° at 0° and 
2x 10~° at 40°. What is the average heat of ionization of ammonium hydroxide 
in this range of temperature? Ans. 1516 cal. 

4. Gas containing 20% Os, 78% Ne, 0.8% COs, and the rest noble gases is con- 
fined above distilled water at room temperature. What is the pH of the water? 
What is the concentration of the Ht ions? 


CO (ag) = C02 (g) ne = 1.25 X 108 

COz (ag) H.0 '=/H.C0; K, = “22 = 6.8 x 10-9 
COz 

H.CO3 = Ht + HCO;— K; = 3 X 1077 


Ans. pH ="6.2. 
5. The electromotive force of the cell, 


Pt, (He (1 atm); CsH;NH2- HCl (0.03125 m)) | normal calomel electrode 


is 0.464 volt at 25°. Calculate the per cent hydrolysis of the aniline hydrochloride. 
Ans. 2.4 per cent. 
6. It can be shown that for an aqueous solution of a salt of a weak base and strong 
acid the hydrogen-ion concentration is given by 


js j= 

t= Kw C 

H 7 &s 
Ky 


where cs = concentration in mole per liter 
Ky = ionization constant of water 
Kp = ionization constant of base 


Pyridinium perchlorate is such a salt. If Ky = 1.6 X 107°, what is the pH of a 
0.0001 molar solution? Ans. pH = 4.60. 
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7. The specific conductance at 25° of a saturated solution of barium sulfate was 
4.58 X 10~* reciprocal ohm, and that of the water used was 1.52 X 10-*. The equiv- 
alent conductance at infinite dilution of barium sulfate is 143. What is the solubility 
of BaSO, at 25° in (a) gram equivalents per liter, (b) moles per liter, and (c) grams 
per liter? 

Ans. (a) 2.14 X 107 equivalent per liter. (b) 1.07 X 10~° mole per liter. 
(c) 2.50 X 107% g per liter. 
8. The solubility product of silver bromide at 18° is 4.1 X 107. Calculate: 
(a) The solubility of silver bromide in pure water. 
(b) The solubility of silver bromide in 0.1 molar NaBr. 
Ans. (a) 6.40 X 10~7 mole per liter. (6) 4.1 X 107” mole per liter. 
9, At 25° the potential of the cell, 


Ag, AgI; KI (1 M) || AgNOs (0.001 M); Ag 


is 0.72 volt. In a molal solution of KI the activity coefficient of I~ ion is 0.65, and 
in 0.001 M AgNOs the activity coefficient of Agt ion is 0.98. (a) What is the solu- 
bility product of AgI? (6) If no salt effect is assumed, what would be the solubility of 
Agl in pure water? 

Ans. (a) 4.2 X 107% (6) 2.1 X 10~* mole per 1000 g H20O. 


10. Alanine dissociates in the following manner in acid solutions: 


NH,CH—COOH = H+ + NH;—CHCOO- 


CHs3 CH3 
and 
+ +- 
CRt 
In a solution whose pH is 3, what is the per cent dissociation of the alanine? 
Ans. 79.9 per cent. 


11. How many hydrogen ions are there in 1 ml of an 0.1 molar solution of an acid 
which has a dissociation constant of (a) 1 X 107%; (6) 1 X 107"; (c) 6 X 107%? 

12, Alanine is an amino acid which dissociates into both H+ and OH~ ions. At 
25° the dissociation constant for the dissociation into anions and hydrogen ions is 
1.99 x 107°. The apparent dissociation constant for the dissociation into cations 
and hydroxyl ions is 5.25 X 107. At what pH would you expect the osmotic 
pressure of an alanine solution to be a minimum? 

13. (a) What is the hydrogen-ion concentration of a 0.5 molar solution of NH4Br 
at 25° after hydrolysis? The ionization constant of NH4OH is 1.8 X 107%. (6) What 
is the pH? 

14. (a) Calculate and record in tabular form the degree of hydrolysis z of a 1.0 N 
solution of a salt of a weak acid and a strong base if the ionization constant for 
the acid is 10~4, 10—*, and 107°, 

(b) Repeat the calculation of (a) for a 0.01 N solution. 

15. Calculate the pH at 25° of a buffer solution containing 50 ml of 0.2 M potas- 
sium hydrogen phthalate and 45.45 ml of 0.2 M NaOH solution all diluted to 200 ml. 


The dissociation constant for the second hydrogen of phthalic acid at 25° is 3.1 X 
10m; 
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16. It is customary to express —log K as pK. For the dissociation of 5-ethyl 
5-hexyl barbituric acid at 25° in aqueous solution pK is 7.79. What is the standard 
free-energy change (AF°) for the reaction HA (ag) = Ht + A7~? 

17. The specific conductance of a saturated solution of thallous Somes at 20° is 
2.158 X 10~* and the specific conductance of water at the same temperature is 
0.044 X 10~® reciprocal ohms. The equivalent conductance at infinite dilution is 
138.3. Calculate the solubility of thallous bromide in grams per liter. 

18. The solubility of strontium oxalate at 20° is 0.00054 mole per liter. What is 
the solubility product? How much strontium oxalate would dissolve in a solution 
having an oxalate-ion concentration of 0.04 gram ion per liter? 

19. What is the ionic strength of 0.02 M solutions of each of the following sub- 
stances: (a) LiCl; (b) KeSOu; (c) MgSO4; (d) NagPO,; (e) KaFe(CN)¢? 

20. The free-energy formation of AgCl (s) is —26,187 cal at 25°. From the stand- 
ard electrode potentials calculate the solubility product of AgCl and compare it with 
the experimental value of 1.56 X 107°. 


21. Five grams of lactic acid is diluted with water to 1 liter. How many gram ions 
of hydrogen are present in the solution? The dissociation constant of lactic acid is 
1.36 X10 at-25°. 

22. For benzoic acid at 25° the ionization constant is 7.3 X 107°. Calculate the 
pH of a 0.001 molar solution of benzoic acid at 25°. 

23. An 0.1 M solution of iodie acid HIO3 is 72.5 per cent dissociated. Calculate 
the freezing point of this solution, assuming that the degree of dissociation does not 
change with the temperature. 

24. (a) Derive a general equation for calculating the degree of dissociation for an 
electrolyte which dissociates into three ions, as, for example, oxalic acid (COOH), = 
2Ht+ + C20,-—).  (b) Give the approximate formula, assuming that a is very small. 
(c) Calculate K in terms of the A conductances. 

25. The ionization constants at 25° for acetic acid, lactic acid, and bromoacetic 
acid are 1.8 X 107°, 1.4 X 1074, and 1.4 X 107%, respectively. (a) Calculate a for 
a 0.01 molar solution of each of these acids by the approximate method (assuming 
1 — a = 1) and (0) by the exact method. 

26. Leucylglycine is an amino acid which dissociates into both Ht and OH7 ions 
At 25° the dissociation constant for the dissociation into anions and hydrogen ions is 
1.51 X 10-*. The apparent dissociation constant for the dissociation into cations 
and hydroxy] ions is 3.02 X 10~-". Calculate the pH at which the degree of dissocia- 
tion into hydrogen ions and hydroxyl ions is the same. 

27. The hydrolysis constant of aniline hydrochloride is 2.25 X 10~°, and the ioniza- 
tion constant of aniline is 4.2 X 107! at 25°. Calculate the concentration of the 
H* and OH7 ions in water. 

28. The specific conductance of a saturated solution of AgCl in water was found 
to be 2.279 X 10-®mho. The specific conductance of the water used was 1.16  10~® 
mho. Using the table of ionic conductances, page 417, calculate: 

(a) The solubility of AgCl in grams per liter. 

(b) The solubility product of AgCl. 

29. A solution of sodium chloride has an ionic strength of 0.24. (a) What is its 
concentration? (b) What concentration of NagSO4 would have the same ionic 
strength? (c) What concentration of MgSO,? 

30. What is the ionic strength of a 0.4 MW solution of: (a) MnCle; (6) MnSOu; 
(ec) AuCls; (d) Feo(SO4)3? 
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31. 2Ag + CO3—— = AgeCOs + 2e E® = —0.50 at 25° 
Ree te Hee EF? = 0.799 at 25° 


What is the solubility of AgeCOz in moles per liter at this temperature? 


32. The first ionization constant of H2S in water is 9.1 X 10~8; the second is 1.2 X 
10—. The solubility of H2S in water is 3.4 g per liter. How many grams of Pb 
(NOs)2 added to 1 liter of saturated H2S solution will just start precipitation of PbS? 

33. Show that if K, and Ky do not differ by more than a hundredfold the H* con- 
centration and the OH~ concentration will be practically equal in the hydrolyzed salt. 

34. Proteins probably exist in solution as dipole ions or (‘“‘zwitterions’”’), that is, 
ions having both negative and positive charges. The effect of the addition of acids 
or bases to such substances may be seen from the equations: 


+ - 
NH3RCOO- + H* = NH3RCOOH 


+ 
NH3RCOO”~ + OH~ = NH30HRCOO— 


Show that the actual ionization constant as an acid is equal to the hydrolysis constant 
of the basic part, and vice versa. 

35. Calculate the free energy of neutralization of a mole of strong acid by a mole 
of strong base in a dilute aqueous solution at 25°, K,, being 10—\. 

36. In the case of the hydrolysis of a salt of a strong base and weak acid show that 


ny a 
Cyt = = 
Cc 


where Kq = ionization constant of the acid, Ky» = ionization constant of water, and 
c¢ = concentration of salt in moles per liter. Derive the expression for the pH of 
such a solution. How will an increase in concentration of salt affect the pH of the 
solution? Test this by determining the pH of 0.1 N and of 1 N sodium isobutyrate 
UP Ui, = O88 SO, 

37. Given an amphoteric electrolyte XOH capable of dissociating according to 
both of the equations: 

XOH = XO- + Ht 


XOH = X* + OH— 


If the basic dissociation constant is Ky and the acidic dissociation constant Ka, 
derive the expression for the hydrogen-ion concentration in a solution of this elec- 
trolyte as a function of the concentration of the un-ionized substance. 

38. A solution of 9.94 g of NaoSO, in 1000 g of water produces the same lowering 
of the vapor pressure as an 0.169 molal solution of urea. What is the activity coeffi- 
cient of NagSOy4 in this solution? Urea does not dissociate. 


CHAPTER XVIII 
COLLOIDS 


Definitions. In the course of his investigations on diffusion in solu- 
tions, Thomas Graham * drew a distinction between crystalline solutes 
and certain amorphous solutes such as starch, albumin, and caramel 
which diffuse much more slowly. To this latter type of substance he 
gave the name colloid (from the Greek “glue forming’’). These colloids 
give solutions which have very low osmotic pressures and freezing points 
which are nearly the same as those of the pure solvent. The term col- 
loid, as now used, applies not so much to a class of material as to a state 
of subdivision. 

If the particles of a substance are reduced in size until the dimensions 
become submicroscopic and distributed throughout a second substance, 
the resulting system is called a disperse system. The particles are called 
dispersoids, and the suspending liquid, gas, or solid is called the dispersing 
medium. The characteristic properties of disperse systems are at- 
tributable to the enormous surface of the dispersed phase. If a cube of 
any substance 1 cm on an edge, having a total surface of 6 sq cm, is cut 
in half in the three directions, there will be 8 cubes having edges of 0.5 
em, and the surface will be 8 X 6 X 0.5? or 12 sq cm. If cut into 1000 
cubes 1 mm on an edge, the total surface will be 60 sq cm. If the cubes 
are lu } on an edge, the surface area will be increased to 60,000 sq cm, or 
6 sqm. If the cubes are 0.001y on an edge, there will be 10" cubes, and 
the area will be 6000 sq m or 14 acres. Particles as small as this contain 
only a few molecules because the diameter of simple molecules is of the 
order of 1A, and 1A = 10°-° cm or 10~“y._ It is obvious that surface ef- 
fects which are undetected on material having an area of 6 sq cm may 
become very pronounced when the material is dispersed to give a total 
surface of several square meters. 

One of the most important results of this large surface is the adsorp- 
tion of ions and other materials by the particles. This adsorption may 
lead to the formation of electric charges on the particles which prevent 
them from collecting into large aggregates. 

* Graham, Trans. Roy. Soc. (London), 151, 183 (1861). 


+ The symbol p refers to a micron which is 10~* mm or 10~* em. 
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If the particles are large, they can be seen with the naked eye, and 
they have essentially the properties of ordinary material, whereas, if 
they are extremely small, of the order of molecular dimensions, they 
are indistinguishable from true solutions. Between these two regions 
is the colloidal state, in which the particles are small enough to have 
great surface area but large enough so that the solution is not strictly 
homogeneous and the presence of discrete particles can be detected with 
the ultramicroscope. The size of the dispersed particles determines 
whether or not a system is to be considered as colloidal. It is arbitrarily 
considered that particles with diameters between 0.001u and 1p (107% 
and 10~* em) are colloids, although there is no sharp distinction at these 
extremes. Particles larger than lu may be regarded as ordinary matter, 
and particles less than 0.001u are usually regarded as constituting true 
solutions. Dust particles may have a diameter of 10~* em, and hemo- 
globin or egg albumin or certain particles of colloidal gold have diameters 
of about 1077 cm. 

Colloids are conveniently classed as lyophilic colloids, when the dis- 
persion medium exerts a dissolving or attractive influence on the dis- 
persed phase, and as lyophobic colloids, when there is very little at- 
traction between the particles and the liquid in which they are sus- 
pended. 

Preparation of Colloids. Colloids may be produced by dispersion 
methods in which relatively coarse material is divided into fine particles 
of colloidal dimensions. Liquids may be dispersed in gases by directing 
a stream of gas across a constantly renewed liquid surface as in an 
“atomizer.” A liquid may sometimes be dispersed in a second liquid, 
in which it is insoluble, by merely shaking the two liquids together. 
A colloidal emulsion consists of small droplets of the first liquid 1077 

— 10-* em in diameter suspended throughout the second liquid. An 
emulsifying agent, such as soap, is usually added to aid in the formation 
of the emulsion. Liquids or solids can be effectively dispersed in liquids 
by means of the colloid mill.* Large drops or coarse particles are sus- 
pended in water or other liquid and exposed to a powerful shearing 
force in the mill by passing the material between two accurately ma- 
chined disks which rotate in opposite directions at a very high velocity 
while nearly but not quite touching each other. 

Colloids are more often prepared by condensation methods in which 
the molecules or small aggregates are gathered together into larger ag- 
gregates. This procedure is thermodynamically spontaneous for it in- 
volves a decrease in surface area and a decrease in free energy of the 


* Travis, ‘““Mechanochemistry and the Colloid Mill,” Chemical Catalog Co. 
New York, 1928. 
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system. Condensation methods may be illustrated by the formation of 
precipitates in solution or by the cooling of water vapor to give a fog. 
Metals may be produced in the colloidal state by being vaporized with 
an electric arc and condensed under water. 

This simple method, used first by Bredig, is shown in Fig. 118. An 
arc is struck by pulling the two electrodes slightly apart, using for ex- 
ample a 110-volt circuit, at 5 to 
10 amperes. Somewhat better re- 
sults are obtained with a housing 
around the are which keeps the 
liquid from contacting the ends of 
the wires. Colloids of silver, plati- 
num, gold, and other metals can 
be prepared, using the proper elec- 
trodes. Red colloidal gold solution 
can be prepared containing over 
10 mg of gold per 100 ml of water. 

By means of a high-frequency 
arc, Svedberg and his coworkers 
have succeeded in preparing col- 
loids of most of the metals, includ- 
ing those of the alkalies. Ether, 
free from water and oxygen, may Fi. 118. Preparation of colloids by the 
be employed as the dispersion are method. 
medium. 

Lyophobic colloids are often produced by precipitation reactions if 
the concentration of electrolytes is kept low. If there is a high concen- 
tration of ions, the colloidal particles are likely to form large particles 
and settle out as described later. 

The following reactions in which electrolytes are not produced il- 
Justrate the formation of colloids by direct chemical precipitation: 


2H3AsO3 = 3H2S = AsoS3 Se 6H,0 
2H.S + SO. = 35 + 2H20 
Ni(CO), = Ni + 4CO 


In the first reaction, if arsenous chloride is used in place of the ar- 
senous acid, hydrochloric acid will be produced in the reaction instead 
of water, and the arsenous sulfide will be partly coagulated by the ions 
produced. 

Even when electrolytes are produced, it is possible to obtain the 
precipitate in the colloidal state if the solutions are dilute. The forma- 
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tion of colloidal ferric oxide by the reaction of ferric chloride with an 
excess of water, the production of colloidal gold by reduction of auric 
chloride with reducing agents such as tannic acid or formaldehyde, and 
precipitation of colloidal barium sulfate or silver chloride or silicic acid 
are examples of this common method of preparing colloids. In order to 
preserve the colloids, it is sometimes necessary to remove the electrolytes 
by techniques which are described in the following sections. 

Material in solution may sometimes be thrown out in the colloidal 
state by mixing the solution with a second solvent in which the material 
is less soluble. For example, sulfur dissolved in alcohol is obtained as a 
white milky colloid solution when poured into an excess of water. 

The classical methods for preparing colloids which have just been 
described refer chiefly to the lyophobic colloids. The lyophilic colloids 
are, perhaps, of more general importance, particularly in the fields of 
biology and industrial chemistry. Resins are natural or artificial mix- 
tures of organic nature formed by such reactions. They dissolve in or- 
ganic solvents in the early stages of their formation and separate out in 
films when the solvent is evaporated. They are usually amorphous and 
sometimes possess a glassy nature. Rubber, the asphalts, the cellulose 
derivatives, and the synthetic and natural resins are formed in reactions 
of this general type. Natural resins are excreted from plants; shellac, 
from animal organisms. 

The production of lyophilic colloids often involves a process of solu- 
tion or dispersion in which the solvent overcomes the attractive force 
between molecules which is due to dipole-dipole interaction. Nitro- 
cellulose for example is dissolved by acetone or by a mixture of ether and 
alcohol giving collodion, and the colloidal properties of the system are 
retained after the solvent has been evaporated. Rubber dissolved in 
carbon tetrachloride, starch in aqueous solutions of zinc chloride for use 
in dry batteries, casein taken up in dilute acid or alkali solutions are all 
exampies of lyophylic colloids. The nonaqueous colloidal systems are 
becoming increasingly important with the extensive use of lacquers such, 
for example, as a polymer of phthalic anhydride and glycerine dissolved 
in an organic solvent such as acetone or dioxane. 

The polymerization reactions in which molecules react chemically to 
form larger aggregates are particularly important. Several of these 
have been studied in detail,* including the polymerization of the hy- 
droxy acids. The ethylene derivatives polymerize according to the fol- 


lowing reaction: 
n(CH, = CHX) — (CH, — CHX), 


* Carothers, Chem. Rev., 18, 367 (1931); Flory, J. Am. Chem. Soc., 58, 1877 (1936); 
61, 3334 (1939). 
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where X is a group such as CgH;, OH, Cl or OCH3. The polystyrenes 
produced from H2C = CHC,H; constitute a specific example. Some 
of these polymerization reactions can be studied as they proceed by the 
determination of increasing molecular weights of the particles or by 
measurement of the viscosity. 

The separation of proteins and other colloids into different fractions 
can be brought about by changing the solvent, the salt concentration, 
and the temperature and pH.* 

Purification of Colloids. The difference between the diffusion rates 
of electrolytes and colloids permits a separation. If a solution con- 
taining both crystalline material and colloids is separated from pure 
water by a colloidal membrane, such as parchment, the crystalloids will 
pass through the membrane, and the colloids will be left behind. This 
process was termed dialysis by Graham, and the apparatus employed to 
effect such a separation is called a dialyzer. When, for example, a solu- 
tion of sodium silicate is added to an excess of hydrochloric acid and 
placed in a dialyzer, the resulting sodium chloride and the hydrochloric 
acid diffuse away, leaving colloidal silicic acid. 

Various natural and artificial membranes may be used for dialysis; 
Visking sausage casings of cellulose acetate are widely used, or sacks of 
thin collodion may easily be prepared. These membranes contain small 
pores which provide continuous channels for the solution, through which 
dissolved molecules and ions can diffuse, but through which the large 
colloid particles cannot diffuse. Dialysis may be regarded as a process of 
fractional diffusion of solutes and colloids; it is not to be confused with 
osmosis in which nothing but solvent can pass through the semi-per- 
meable membrane. The rate of dialysis depends on many factors—the 
area of the dialyzer, the size of the pores, the temperature, the electric 
charges, and the relative concentration of solution on the two sides of 
the membrane. In practical work, fresh water is passed around the 
dialyzing sack to expedite the separation. Sometimes the solution is 
heated. 

In the process of electrodialysis, the dialyzing chamber is placed be- 
tween two electrodes and the ions migrate from the colloidal solution to 
the electrode which is opposite in sign. 

Many colloids are prepared under conditions where an excess of ions 
is present, and they are rendered more stable by dialysis. It is possible, 
however, to remove too many ions and cause coagulation. 

In the process of ultrafiltration the liquid medium as well as the ma- 
terial in true solution is removed from the colloidal material. Pressure 
is applied to the solution in a strong cylinder so as to force the liquid 


* Cohn, et al., J. Am. Chem. Soc., 62, 3386, 3396 (1940); 68, 459 (1946). 
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through the very small holes of a special membrane. A tank of com- 
pressed gas offers a convenient source of pressure. Filter papers may 
be used for ultrafiltration if they are first impregnated with solutions of 
collodion in acetic acid. Graded filters of different effective pore size 
can be made by changing the concentration of the acid.* Ultrafiltration 
is a complex process, involving electric attraction and adsorption by the 
filter as well as the ordinary process of mechanical separation. 

Ultrafilters are useful in removing impurities from sols, and they find 
extensive application in bacteriology. Bacteria can generally be re- 
moved from solutions by ultrafilters, but certain diseases such as the 
common cold are connected with viruses which pass through fine ultra- 
filters. 

Optical Behavior. When a narrow beam of sunlight is admitted 
into a darkened room, the dust particles in its path are rendered visible 
by the scattering of the light at the surface of the particles. If the air 
of the room is free from dust, the beam of light cannot be seen when 
viewed from the side, and the space is said to be “‘optically void.” 

The luminosity of the path of a beam of light is known as the Tyndall 
effect and may be considered as an indication of the presence of sus- 
pended particles, provided the luminosity is not caused by fluorescence. 
Almost all colloid solutions exhibit this phenomenon when a powerful 
beam of light is passed through them, thus proving the presence of dis- 
crete particles in the solutions. 

Great advances in colloid chemistry came with the invention of the 
ultramicroscope in 1903 by Siedentopf and Zsigmondy. With this in- 
strument the motions of the colloid particles became visible. In an 
ultramicroscope a powerful beam of light is brought to a focus within 
the colloidal solution, and this image is viewed through a standard 
microscope, the axis of which is at right angles to the path of the beam. 
When examined in this way, a colloid solution usually appears to be 
swarming with tiny bright particles moving rapidly in a dark field, 
whereas a true solution if properly prepared appears optically void. 

It is necessary to view the particles by reflected light rather than by 
transmitted light because the colloidal particles are smaller than the 
wave length of visible light. The intensity of the light rather than the 
magnifying power of the microscope is the limiting factor in detecting 
the smallest colloid particles with the ultramicroscope. It is possible to 
extend the lower limit of detection by using shorter wave lengths, that 
is, ultraviolet light, with quartz lenses and photographic plates. It 
should be emphasized that the apparent size of the bright image bears 
no relation to the size of the particle. It is possible, however, to count 


* Terry, Ultrafilter Membranes and Ultrafiltration, Chem. Rev., 18, 373-455 (1987). 
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the number of particles in a given volume. By means of a chemical 
analysis, the mass of colloid per unit of volume can be determined, and 
from this the average mass of each particle can be calculated. 


Example 1. In the field of an ultramicroscope, 20 particles of colloidal 
mercury were observed. This field, approximately 0.02 mm wide, comprised a 
volume of 1 X 10-® ml. A liter of this colloidal mercury solution was stirred 
rapidly with a gold stirrer until all the mercury had amalgamated with the 
stirrer and removed from solution. The increase in weight of the stirrer was 
8 mg. Assuming that the particles of mercury were spherical and that they had 
a density of 13.5, calculate the average radius of the colloidal particles. 

de UGS 


20 X Aca? f 2 < 10!° particles per liter 


0.008 = 2 x 10% X § X 3.14 X 7? X 13.5 
1.9 X 10-* = 190 A 


r 


These small colloid particles can be seen with the ultramicroscope 
only if their refractive index differs from that of the medium in which 
they are suspended. With metallic colloids this difference is large, and 
excellent definition is obtained, making possible the detection of par- 
ticles as small as 0.004u or 40 A in diameter. The marked difference in 
the behavior of lyophobie and lyophilic colloids is evident also in the 
observation of them through an ultramicroscope. The lyophilic colloids 
are partly combined with the solvent, and, accordingly, it is much more 
difficult to see lyophilic colloids than lyophobic colloids in the ultra- 
microscope, even if they are fairly large. 

A new instrument, the electron microscope, is now available for ex- 
amining much smaller particles. The principle of the electron micro- 
scope depends on the fact that a beam of electrons under a constant 
voltage has the properties of a beam of light. At the voltages used the 
wave length corresponds to 0.05 A, and it is clear why particles which 
are much smaller than the wave length of visible light 4000 to 8000 A 
may still be observed with the electron microscope. Practical difficulties 
limit the utilization of the full theoretical resolving power of the electron 
microscope, but photographs with good detail can be obtained with a 
magnification of more than 100,000 times. 

The electron microscope is provided with a series of electrostatic and 
electromagnetic fields which focus the electron beam just as glass lenses 
focus ordinary light. The voltage and current must be closely con- 
trolled. The specimen to be studied is placed on a very thin collodion 
film and a focused beam of electrons is passed through. Where the ma- 
terial is denser, more of the electrons are scattered, but, where the ma- 
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terial is thin, the electrons continue on their course and are focused on a 
fluorescent screen or a photographic plate. 

With the electron microscope several viruses such as tobacco mosaic 
virus have been pictured, and they are found to be rod-shaped in agree- 
ment with indirect measurements based on diffusion. Also, the size and 
shape characteristic of different paint pigments and specially effective 
abrasives have been established. 
Moreover, structural features in the 
simplest bacteria have been brought 
out. A picture of bacteriophage 
which grows on bacteria as taken 
by Dr. T. F. Anderson is shown in 
Fig. 119.* 

Kinetic Behavior. Very small 
particles suspended in a liquid can 
be seen under the microscope to be 
in a state of ceaseless erratic motion. 
Colloid particles as seen in the ultra- 
microscope undergo this motion, but 
larger particles which can be seen 
with an ordinary lens, such as an 
aqueous suspension of gamboge, also 
exhibit a slow movement. This phenomenon, which had frequently 
been observed, was first properly interpreted in 1827 by the English 
botanist, Robert Brown, while examining a suspension of pollen grains. 
It is commonly known as Brownian motion. Brown stated that “the 
movements arose neither from currents in the fluid nor from its gradual 
evaporation, but belonged to the particle itself.” 

It is now known that the movement is caused by the actual bombard- 
ment of the particles by the molecules of the suspending medium. It 
coustitutes a visual confirmation of the random kinetic motion which 
had been assumed for the molecules of a gas (or liquid or solid) at any 
temperature above absolute zero. 

This kinetic behavior is responsible for many of the important phe- 
nomena of colloids. It is used for separating different colloids and for 
determining their sizes and shapes. The particle sizes can be determinec 
not only by direct photographing with an electron microscope or by 
counting with an ultramicroscope as already described, but in severa’ 
indirect ways including diffusions and sedimentations under gravity o1 


Fig. 119. Electron microscope picture 
of bacteriophage. 


* A shadowgraph technique was used in which gold atoms are evaporated ont 
the specimen at an oblique angle. T. F. Anderson, Morphological and Chemica 


Relations in Viruses and Bacteriophage, Cold Spring Harbor, Symp. Quant. Biol 
11, 1-13 (1947). 
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centrifugal force. Measurements of osmotic pressure may be used also. 
These phenomena will now be discussed in more detail. 

Diffusion. It is to be expected that material will diffuse from a region 
of higher concentration. The rate of this diffusion has been studied 
quantitatively, and it has a number of applications in the study of col- 
loids. The diffusion constant or specific diffusion rate D is defined as 
the number of moles which diffuse across a unit area in unit time under 
a concentration gradient of unity. It can be shown (appendix, page 


688) that 
_# : 
wi (1) 


where f is the frictional force opposing a particle which is moving with 
a velocity of 1 cm per second, N is Avogadro’s number, and R is the gas 
constant. 

According to Stokes’s law this force is given by equation 2, 


f = 6rnr (2) 


where r is the radius of the spherical particle and 7 is the coefficient of 
viscosity of the surrounding medium. This formula was derived for 
particles which are large compared to the solvent molecules, and, strictly 
speaking, it applies only to spherical molecules. Combining equations 
1 and 2 gives ; 

RT 


= N6rnr 


(3) 


This is a useful equation from which the diffusion rate can be deter- 
mined from the radius of the particle and the viscosity of the medium; 
or the size of the particle can be calculated from the rate of the diffusion 
of the colloids. One of the applications of this equation is the calcula- 
tion of the Avogadro number NV. 

The intimate relationship between Brownian movement and diffusion 
was shown for the first time by Einstein.* The actual movements of 
individual colloidal particles are seen to be complex and erratic, just as 
the motions of molecules in a gas had been imagined. 

In Fig. 120 each circle represents the position of an individual colloid 
particle at intervals of 30 seconds while it moves along a path from A to 
B and on to P and Q. The lengths of the dotted lines give the displace- 
ments along the x axis. Then Az is the difference between two succes- 
sive displacements. For example, in going from A to B, Ax is obtained by 
subtracting the length of the second dotted line from that of the top 


* Hinstein, Ann. Physik, [4] 17, 549 (1905); 19, 371 (1906). 
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one, and Ax/At is equal to this distance divided by the 30-second time 
interval At. Of course, there will be movement also along the z axis at 
right angles to the z-y plane, but the displacements along any one axis 
are sufficient to calculate the diffu- 
sion rate or particle size. 

The mean value of the square 
of the difference in the xz displace- 
ments (Az)? is related to the.diffu- 
sion constant by Einstein’s relation 
as follows, 


Ce 
Aa 


2D (4) 


Then substituting in equation 3 
gives 


= EY ct 
(Ax)? = — (5) 
% axis N 3ryr 
Fic. 120. Movement of a colloidal 
particle from A to Q with intermediate 
positions shown every 30 seconds. 


Using suspensions of certain gums 
in water, Perrin measured with a 
microscope and scale the displacements of a single particle at successive 
time intervals. He calculated the radius r by counting the particles ob- 
tained from a given weight of material, assuming that the particles were 
spherical. In this way he obtained an average value of 6.8 X 107° for 
the Avogadro number N. 

More accurate values for the Avogadro number have been obtained 
by Millikan and Fletcher,* employing a minute drop of oil as the sus- 
pended particle. In the gaseous state, where the intermolecular dis- 
tances are greater than in the liquid state, not only are the collisions 
less frequent, but also the mean free paths are appreciably longer. 
These conditions are favorable to the study of the Brownian movement 
and offer an opportunity for the determination of the Avogadro con- 
stant with a high degree of accuracy. These measurements taken under 
conditions which are more favorable for the study of Brownian motion 
lead to a value of 6.03 X 10?°. 

This value is in perfect agreement with the value of the Avogadro 
number given on page 626, a fact which strengthens both the kinetic 
theory of gases and the assumption that these comparatively large par- 
ticles behave as individual molecules in a gas. 


* Fletcher, Phys. Rev., 4, 453 (1914). 


VISCOSITY 533 


The diffusion method has been used for determining the sizes of par- 
ticles under different conditions. The rate of diffusion can be measured 
by a number of different methods—by direct chemical analysis of samples 
at different distances after definite time intervals, or by methods depend- 
ing on the Tyndall effect or the absorption or refraction of light. Per- 
haps the simplest general method involves photographing a scale with 
fine divisions behind a boundary between a solution and the solvent. 
The distortion of the photograph of the scale due to differing refractive 
indices locates the boundary. With a series of photographs taken at 
successive time intervals it is possible to calculate the rate at which the 
solute diffuses and changes the refractive index. Great care must be 
exercised in eliminating mechanical vibrations and thermal inequalities.* 

Although equation 3 was derived only for spherical particles, it can 
be used in connection with certain other formulas if the shape factor oc- 
curs in both formulas in such a way as to cancel out. More recently the 
determinations of the diffusion constants has become important because 
they can be combined with measurements of sedimentation or viscosity 
to give the molecular weights of dissolved proteins or carbohydrates 
even when the shape of the colloid particle is unknown. t+ 

Viscosity. Whereas the viscosity of a liquid is not markedly changed 
by the addition of a small amount of a lyophobic colloid such as colloidal 
gold in water, the viscosity of lyophylic colloidal solutions may become 
very great. The viscosity of high polymers, such as nitrocellulose, has 
long been used as a criterion for certain industrial operations, and now 
progress is being made in correlating viscosity with the size and shapes 
of the colloidal particles. 

The particles may be spheres, rods, disks, or threads, and valuable 
information concerning the shape and the molecular weight can be ob- 
tained from measurements of viscosity. 

In the case of a dilute suspension of hard spheres Einstein showed 
that the viscosity 7 is given by 


n = no(1 + 2.5¢) 


where 7 is the viscosity of the solvent and ¢ is the total volume of the 
spheres contained in 1 ml of the suspension. This expression can be 
written 


wey 


0 Nsp 


? p 


* Williams and Cady, Molecular Diffusion in Solution, Chem. Rev., 14, 171 (19385). 
{ Svedberg and Pedersen, “The Ultracentrifuge,” Oxford University Press, Ox- 
ford, 1940. 
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where the term 7/7) — 1 is defined as the specific viscosity, nzp- A 
significant quantity is the intrinsic viscosity [] defined as the limit 
of nsp/c as c is extrapolated to zero concentration—that is, infinite dilu- 
tion. The term c is defined as the number of grams of polymer in 100 
ce of solution. 

According to a modification of Staudinger’s equation *, 


[n] = kM* (6) 


where M is the molecular weight of the polymer and k and a are con- 
stants which depend on the type of polymer, the solvent, and the tem- 
perature. The constant a varies from 0.5 for tightly curled polymers to 
2 for long straight molecules. When the molecular weight is known from 
osmotic measurements or other considerations, valuable information 
regarding the length and shape of the polymer may be obtained from 
these determinations of intrinsic viscosity. 

Osmotic Pressure. The osmotic pressure or the lowering of the 
freezing point by colloids is exceedingly small, but it is nevertheless real. 
If the molar weight of a colloid is regarded as 6.02 X 10”? times the 
weight of a single particle, it is clear that the molecular weights of col- 
loids must be enormous. Obviously, the molecular weight must be very 
large because the diameter of atoms is of the order of 1 A, whereas the 
diameter of colloid particles ranges from 10 A to 10,000 A. However, 
there is some doubt as to the propriety of referring to the molecular 
weight of colloids, particularly in view of the fact that the individual 
particles vary greatly in size. It is better to speak of molar particle 
weight rather than molar weight of a colloid, and it must be realized 
that such a term refers to an average particle weight multiplied by 
Avogadro’s constant. 

The ordinary methods for determining molecular weights in solution 
are beset with difficulties when applied to colloid systems because it is 
almost impossible to wash out all the ions, and each ion is just as ef- 
fective as a colloid particle in lowering the vapor pressure or the freezing 
point, or in creating an osmotic pressure. Furthermore, the effect to be 
measured is very small. It may be remembered that 6 x 107? molecules 
dissolved in 1000 g of water will lower the freezing point 1.86°, and, if 
ten thousand of these units are combined into one colloid particle, the 
freezing-point lowering will be only 0.000186°. A mere trace of elec- 
trolyte left behind will produce an effect greater than this. 

A few satisfactory measurements have been made using collodion 
membranes and measuring the apparent osmotic pressure of concentrated 


* Mark, ‘‘Physical Chemistry of High Polymeric Systems,” Interscience Pub- 
lishers, New York, 1940, pages 258-293. 
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solutions under conditions where ions do not affect the pressure. The 
holes in the collodion membrane are large enough to let the ions pass, but 
they block the passage of the large colloid particles. An excess of electro- 
lyte is added to the colloid solution and to the solvent on the two sides 
of the membrane. The ions diffuse through and reach equilibrium, so 
that the measured osmotic pressure is due only to the colloids. By 
rigorous control of the amount of electrolyte present, Sorensen found a 
molecular weight of 34,000 for egg albumin, and Adair * obtained 
67,000 for hemoglobin. 


Example 2. A solution of 1 g of a nitrocellulose in a liter of acetone has an 
osmotic pressure of 0.56 X 107? atm at 27°. Assuming that the solution is 
ideal, calculate the molar particle weight of the nitrocellulose. 


_ gkT 
12h ae 
gRT 1X 0.08205 X 300.1 
M = es 
ee SBy Ose SOc 


Sedimentation Equilibrium. The distribution of colloid particles 
under a given force such as gravity is directly related to diffusion and 
osmotic pressure. When a solution is allowed to stand, a state of equi- 
librium is finally reached when sedimentation and diffusion balance each 
other, that is, when in a given interval of time the amount of material 
which falls in the downward direction through a unit area is the same as 
that which diffuses upward on account of the greater concentration at 
the lower level. The most familiar example of a sedimentation equi- 
librium is the atmosphere of the earth. 

The quantitative formula for the concentration as a function of height 
makes possible the determination of the molecular weight of a solute, 
provided the solution is dilute enough for the ordinary laws of dilute 
solutions to hold. It should be noted particularly that the equation con- 
tains only well-defined and measurable quantities, and its validity is in- 
dependent of the shape of the particles. The formula for sedimentation 
equilibrium can be derived by thermodynamics for a colloidal solution 
containing particles of uniform size, using the following symbols: 


= number of particles per milliliter, that is, the concentration 
= the distance of the particle from the bottom of the vessel 
= acceleration of gravity 

= density of the particle 

= density of the liquid 

= volume of the particle 


eS Rae 3 
| 


* Adair, Proc. Roy. Soc. (London), A 109, 292 (1925). 
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Two forces are acting: the force of gravity (or other force) tends to 
pull the particles to the bottom of the vessel, thus increasing the con- 
centration; and the kinetic force causes the particles to diffuse away from 
the region of higher concentration at the bottom. 

The force of gravity pulling one particle downward is o(S — So)g, 
allowing for the buoyancy of the liquid. 

The change in free energy AF for the transfer of a mole of particles 
from one concentration to another is given on page 245 by the equation: 


h.— = —— (7) 


At equilibrium the decrease in free energy must be equal to the work 
w done by a mole of the particles (N particles) against the force of gravity 
acting through the distance x; — x2. Then, 


ne WwW No So)g (x1 ee 


In— = —= (8) 
tw WE RT 


The same equation can be derived from considerations of diffusion 
rates. The values of mz and n; may be obtained by counting the num- 
ber of particles in a given field with a traveling microscope. 


Example 3. The number of particles in a given volume of a solution of 
colloidal gold which had come to equilibrium in the earth’s gravitational field 
was found to be 392 at one level and 196 at a level 0.10 mm higher. The tem- 
perature was 20°, and the diameter of the particles was 0.066u. The specific 
gravity of gold is 19.3, and that of the colloidal solution may be assumed to be 1. 
What is the value of Avogadro’s number as calculated from these data? 


4 
r ‘ —6)3 ue. 
392 Na 3 (S2om ar Ome) GOs 1.0)(981)(0.01) 


2 1S6 8.31 X 10’ X 293 
N = 6.2 x 10% 


2.303 log 


The Ultracentrifuge. The sedimentation due to the force of gravity 
is so small that it can be used only for the largest particles. The sedi- 
mentation force may be increased enormously, however, by using cen- 
trifugal force, and it is thus possible to determine particle size of the 
smallest particles—even down to large molecules in true solution. Sved- 
berg has contributed greatly to this field. 

In me centrifuge the acceleration of gravity is replaced by centrifugal 
force wz, where w is the angular rotational velocity, 27 X the number of 
Fovalutions per second, and x is the distance from the center of rotation. 
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Then integrating wx dx and substituting for g(x; — x2) in equation 8, 


we have 
n 1? (21)? — x92)No(S — S, 
In a hag (xy XQ") v( 0) (9) 
ny RP 


An additional advantage of the ultracentrifuge is that the sedimentation 
force may be controlled. 

Sedimentation equilibrium measurements using equation 9 require 
much time and effort, and a different technique is often used in which 
the velocity of sedimentation rather than the concentration of particles 
at equilibrium is measured. 

In operating the velocity ultracentrifuge, the solution is placed in a 
small cell inserted in the rotor. The cell has transparent windows, and 
in the chamber which encloses the rotor there are corresponding windows 
with electromagnetic shutters. The cell is partially filled with the col- 
loid solution, and to the remainder of the cell is added a suitable solu- 
tion which gives a line of demarkation at the edge of the colloid solution. 
By directing a beam of light through the windows one can note the effects 
of the centrifugal force as this line moves outward, owing to differences 
in refractive index or light absorption. A diagram showing the prin- 
ciple of the Svedberg ultracentrifuge is given in Fig. 121. Photographic 


Fig. 121. Principle of the Svedberg ultracentrifuge. 


methods are used to record the position of the boundary between solvent 
and solution at suitable intervals. Exact measurements on the photo- 
graphic plate are then used for calculating the rate at which the colloid 
particles move. If all the particles are not of the same size, a sharp 
boundary cannot be obtained, even if diffusion is minimized. It is of 
great importance to eliminate vibrations and the convection currents 
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which arise normally from thermal gradients within the cell. These 
and other difficulties have been overcome by Svedberg.* 
The specific sedimentation velocity in centimeters per second per 
unit centrifugal field is a characteristic of the 
colloid particle. i 
The specific sedimentation velocity ot 
thyroglobulin may be calculated from the ¢ 
measurements of Lundgren and Williams 
shown in Fig. 122. This biological material ? 
was purified and mixed with a clear solution | 
of the same acidity. The beam of light passed 
directly through the cell as it was rotated in 
the centrifuge, but, as the colloid moved 
outward, it left a line of demarkation where 
the refractive index was different so that the 
light was refracted out of the optical line, 
leaving a dark ridge. As the centrifuging 
progressed, this heavier material gradually 
moved toward the outer edge of the cell, 
shown by a sharp vertical shadow at the 
right. Pictures were taken every 10 minutes, 
starting at the bottom of Fig. 122 and meas- 
urements on the position of the peak showed | 
Fic. 122. Movement of col- that the boundary moved 7.2 mm in 50. 
loidal thyroglobulin at ten- . : ila at | 
pietate inter enigewhiles being minutes. There was a temperature correc- 
centrifuged. tion 7; for viscosity amounting to 0.90. 
The speed of the centrifuge was 40,000 rpm, 
and the distance from the center of rotation was.6.4 cm. The sedimen- | 
tation constant s is calculated as follows: 


dx 0.72 
dt S 50 X 60 er 
s=—- X)=eO ; 
wax 40,000\? * 
20 Xi) ot 
60 


19.2 X 107" em per second per unit field = 19.2 svedbergs 


The particle size cannot be calculated and used without further in- 
formation, because two molecules of like weight but different shape will © 
have different sedimentation constants. Particle sizes may be obtained, ) 
however, from observations of sedimentation velocity and diffusion con- | 


* Svedberg and Pedersen, The Ultracentrifuge, Chem. Rev., 20, 81 (1937); “The 7 
Ultracentrifuge,’’ Oxford University Press, Oxford, 1940. 
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stant made independently of one another. In dilute solutions the 
frictional resistance to sedimentation and diffusion is the same, so that, 
if a diffusion measurement is used to evaluate this resistance, it is not 
necessary to make any assumption regarding the shape of the particle 
and the particle size can be calculated directly. With the new high- 
speed instruments, centrifugal forces as high as 400,000 times gravity 
are available, and observations of the sedimentation velocity may be 
made in a few hours. 


Some of the results obtained with Svedberg’s methods are given in 
Table I. 
TABLE I 


WeEIGHTS oF CoLLoIp PARTICLES 


Protein Particle Weight Protein Particle Weight 

Egg albumin 40, 500 Phycocyan 279 , 000 
Hemoglobin 68 , 100 Phycoerythrin 292 ,000 
Serum albumin 66 , 900 Amandin 329 , 000 
Lactoglobulin 37,800 Thyroglobulin 675 , 000 
Pepsin 39 , 200 Hemocyanin (Octopus) 2,785,000 
Insulin 35,100 Hemocyanin (Helix) 6, 630, 000 
Serum globulin 150,000 


Simple motor-driven or air-driven centrifuges find important uses in 
separating colloids from solution and from mixtures of other colloids. 
The measurements of particle size in the more elaborate centrifuges 
have given us valuable information concerning the proteins in normal 
and pathological sera, toxins and antitoxins, viruses, polysaccharides, 
starches, and natural and synthetic high polymers. 

Electrical Behavior. Colloid particles with their large surfaces are 
likely to have ions attached to them. An ion induces a charge of op- 
posite sign in a near-by molecule and will thus be held to the surface by 
the ion-induced dipole attraction. The ions thus adsorbed exert a pro- 
found influence on the stability of the colloids, particularly the lyophobic 
colloids. According to the simplest view, all the particles in a given 
colloidal solution tend to adsorb an excess of either positive or negative 
ions and thus acquire a charge. The particles thus repel each other and 
tend to prevent combination and precipitation of the colloidal material. 

The situation is more complicated, however, because this layer of 
ions adsorbed on the surface of the colloid particle tends to attract ions 
of opposite sign to it, forming two layers of oppositely charged electricity 
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as in a capacitor. These electric fields due to ions constitute what is 
known as a “‘double layer.” 

According to present views, the double layer consists of two shells 
of ions of opposite charge. The inner shell is narrow and compact; but 
the outer shell is wide and diffuse, with a high concentration of ions near 
the inner shell and progressively lower concentration of ions as the dis- 
tance from the surface of the particle increases. The inner shell adheres 
tightly to the particle wherever it moves, but the outer diffuse shell of 
oppositely charged ions can be more easily stripped off. The total po- 
tential drop between the surface of colloid particle and the main body 
of the solution may be divided into two parts, the first of which is the 
potential between the inner shell and the colloid surface. The second 
part, called the zeta or electrokinetic potential, applies to the potential 
drop through the outer shell, extending from the outer edge of the inner 
shell to the body of the solution. This zeta potential for the diffuse outer 
shell and the arrangement of ions around a colloid particle are indicated 
diagrammatically in Fig. 123 where A represents the surface of the par- 
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Fie. 123. Diagram defining the zeta potential in terms of a double layer of ions 
around a colloid particle. 


ticle and B represents a point in the solution far removed from it. 
Freundlich and von Smoluchowski introduced this concept of the elec- 
trokinetic or zeta potential into colloid chemistry. It has been pointed 
out, particularly by Kruyt, that the stability of hydrophobic colloids 
runs parallel with the zeta potential. 

Colloid phenomena which involve movement of a colloid particle 
through the solution can be described more quantitatively with the 
help of the zeta potential. 


The zeta potential can be changed by changing the electrolytes and © 
the colloid solution since the original inner layer of adsorbed ions and © 
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the outer layer of oppositely charged ions which they attract are a 
function of the nature and concentration of the electrolytes which 
are present.* At high concentrations of electrolytes electrokinetic 
phenomena disappear because the double layer is compressed about the 
particle, and the increase in electrical conductivity also causes a diminu- 
tion in electrokinetic action. : 
Electrophoresis. There are several important consequences of the 
existence of the potential difference in the diffuse double layer. The ap- 
plication of an external voltage causes the charged colloid particles to 
move toward one of the electrodes, and they tend to drag along with 
them parts of the outer diffuse shell of oppositely charged ions. Nega- 
tive colloids move to the positive electrode, and positive colloids to the 
negative. This phenomenon is known as electrophoresis. 
Electrophoresis was first observed by Reuss in 1807. When the 
terminals of an electric battery are connected to two platinum electrodes 


dipping into a colloidal solution of arsenious sulfide, there is a gradual 
migration of the colloid to the positive pole. A similar experiment with 
a solution of ferric hydroxide shows that this colloid moves toward the 
negative pole. It follows, therefore, that the particles of colloidal ar- 
senious sulfide are negatively charged, whereas those of colloidal ferric 
hydroxide carry a positive charge. Most of the lyophobic colloids pos- 
sess an electric charge. In water, the colloids of metals and many or- 
ganic colloids acquire a negative charge, but many positive colloids are 
known also. 

The velocity of electrophoresis can be determined by measuring the 
rate of movement of the boundary which separates the colloid solution 
from a clear solution which has been carefully run in above it. In 
another method a microscope is used to measure the distance traveled 
toward the electrode by a single colloid particle under a definite potential 
gradient. In measurements of electrophoresis the electrodes are usually 
arranged so that there is no evolution of gas which might cause mechan- 
ical stirring of the solution. For example, a cadmium electrode sur- 
rounded by cadmium ions may be used. The velocities of electrophoresis 
vary considerably with the conditions of the experiment, but they are of 
the order of 2 to 20 X 10~° cm per second when the potential gradient 
is 1 volt per centimeter. Although the colloid particles are much larger 
than individual ions, their rate of movement toward an electrode in water 
is not so much slower as might be expected, because both drag along 
with them diffuse shells of oppositely charged ions. The mobility of the 
colloids is of the order of one-tenth that of ions. A shell of water mole- 


* Abramson, “Electrokinetic Phenomena,” Reinhold Publishing Corp., New 
York, 1934. 
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cules has to be pulled along also, attracted by the force which exists 
between a charged ion and a molecule like water which possesses a large 
dipole moment. 

There are many practical applications of electrophoresis. The sign 
of the charge on colloids and bacteria is easily found. Certain colloids 
may be plated out electrically in a manner similar to the electroplating 
of metals, and, in fact, many rubber articles such as rubber gloves are 
manufactured in this manner. 

Among the important developments in electrophoresis are the ex- 
amination and separation of proteins, including normal, pathological, 
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Fic. 124. Identification and separation of constituents of human blood plasma by { 
electrophoresis. dn/dx is the rate of change of refractive index with distance. | 
; 
f 


and immune sera, and the preparation of pure biological materials. Ap- | 
paratus for following the migration of these materials in an electric field ) 
has been perfected by Tiselius.* A cell is provided with flat transparent | 
sides, and a beam of light specially focused is recorded on a photographic 
plate. The material frequently contains two or more materials which f 
are so nearly alike that they cannot be separated by chemical means; | 
yet when placed between two electrodes they move at slightly different | 
rates. The light passes through the colloid solution and the clear solu- | 
tion adjoining it without deflection, but at the line of demarkation be- | 
tween two solutions the light is refracted to one side leaving a dark re- ~ 
gion. After a time the different colloid materials move along to different © 
distances and give optical patterns similar to that shown in Fig. 124 for » 
* Tiselius, Trans. Faraday Soc., 38, 524 (1937); Biochem. J., 31, 1464 (1937). 


Tiselius, Electrophoretic Analysis and the Constitution of Native Fluids, Harvey iw 
Lectures Ser., 35, 52 (1939). [ 
J 
i] 
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the electrophoresis of human blood plasma as measured by Professor 
Robert Alberty of the University of Wisconsin. In his experiment the 
plasma was subjected to a potential gradient of 9 volts per centimeter 
for 152 minutes in a buffer solution of pH 8.6 and 0.10 ionic strength. 
The vertical ordinates represent rate of change of refractive index with 
distance, and the peaks correspond to the sharpest. boundaries between 
materials of different refractive index. Along the horizontal axis is plotted 
the distance in cm to these sharp boundaries, starting with a reference 
point ¢ at the extreme left which corresponds to the original position of 
the salt boundary. The peak at the extreme right corresponds to albumin, 
and the other peaks correspond to various constituents of the plasma. 

The characteristic pattern may be used for identification of a mixture 
and for determination of purity. A uniform material having colloids of 
only one size and charge gives a single dark band. A colloidal protein 
or other material may be not only identified but also purified by electro- 
phoresis. For example, it may be found that only one of the substances 
gives the desired biological effect, and this material can then be with- 
drawn from the remaining solution when the shadow of its boundary 
passes a specified exit tube. 

Electroosmosis. In electrophoresis the solution is stationary, and 
the colloid particles move under a potential gradient. In electroosmosis 
the colloid material is held in position, and the solution moves when an 
electric potential is applied. Finally, if the colloid surfaces are held 
mechanically stationary and the liquid is forced through a colloid: mem- 
brane or porous plate, a potential difference will be produced at the two 
sides of the membrane. This potential difference may be measured and 
is known as the streaming potential. All three properties are connected 
with the zeta potential. 

Electroosmosis can be illustrated with an experiment in which a porous 
partition, containing a large surface area acting as colloid material, is 
placed in the bottom of a U tube which contains an electrode in each 
arm. When the tube is filled with water or other suitable liquid, and the 
electrodes are charged, the water rises in one arm and falls in the other 
as a result of electroosmosis. An equilibrium height is reached which 
is proportional to the applied voltage. Usually but not always in electro- 
osmosis the water moves toward the cathode, showing that the fixed 
colloid material acquires a surplus of negative ions, leaving the solution 
positively charged. The experiments have been extended to organic 
liquids as well as to aqueous systems. The drying of peat and other 
material by the application of an electric field has been suggested; but 
there is a large loss of electric energy if electrolytes are present to con- 
duct the current. 
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Stability of Colloids. The most important factors in stabilizing 
colloids are electric charge (zeta potential) and hydration or solvation. 
Either the existence of a zeta potential which causes the particles to 
repel each other or a film of adsorbed solvent which prevents the en- 
closed particles from touching each other is sufficient to keep the dis- 
versed particles in the colloidal state. In the lyophobic colloids, where 
there is little attraction between the dispersed particles and the dis- 
persion medium, the film is not a factor, and the stability or instability 
of the colloid depends only on the presence or absence of a diffuse layer 
of ions about the particle. The relation between the lyophylic colloids 
and the lyophobic colloids is well illustrated in Fig. 125. The lyophilic © 
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Fic. 125. Illustration of the role of electric charge and hydration in the stabilization 
of colloids. 


) 

; 
colloid particles are solvated, that is, they attract around themselves- | 
an atmosphere of the dispersion medium, whereas the lyophobic colloids | 
do not. Either the electrical double layer, or the hydrating atmosphere, 
or both together keep the system in the colloidal state. The particles | 
become coagulated, and the system loses its colloidal properties only | 
when both the electrical double layer and the hydrating atmosphere | 
are removed. Egg albumin may be taken as an example. Its particles 
can be dehydrated with alcohol, and the electric charge can be neu- ( 
tralized by the addition of ions, but only when both changes are effected , 
does coagulation occur. 

The ability of dispersed particles to remain in the colloidal state is 
greatly affected by the concentration of ions. In the absence of ions a | 
lyophobic colloid is not stable, and the material will settle out. The | 
presence of a few ions stabilizes the colloid, but, if there is a large excess 
of electrolyte, the colloid particles will be coagulated by the ions of op- 
posite charge. i 
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The isoelectric point is the concentration of hydrogen ions and other 
ions at which the particle has no net charge and the zeta potential is 
zero. ‘The isoelectric point is important because under the conditions 
prevailing the colloid has its minimum stability, viscosity, and electrical 
conductivity. Lyophilic colloids such as albumin and gelatine are par- 
ticularly responsive to a change in pH, and in an acid solution they are 
charged positively on account of a chemical reaction and subsequent dis- 
sociation. In an alkaline solution they acquire a negative charge in the 
same way. The behavior is like that of amphoteric electrolytes which 
can dissociate to give either H* ions or OH7 ions. 

Precipitation of Colloids by Electrolytes. Electrolytes, even in low 
concentrations, are effective in precipitating lyophobic colloids. The 
concentrations in milliequivalents per liter required to cause precipi- 
tation in 2 hours, as found by Freundlich, are recorded in Table II for a 
positive ferric hydroxide colloid (16 millimoles per liter) and for a neg- 
ative arsenious sulfide colloid (8 millimoles per liter). In each case, 2 ml 
of the electrolyte was added to 20 ml of the colloid solution. 


TABLE II 


PRECIPITATION OF COLLOIDS BY ELECTROLYTES 


(+) Ferric | (—) Arsenious (+) Ferric | (—) Arsenious 

Hydroxide Sulfide Hydroxide Sulfide 
Electrolyte Electrolyte 

Cone. Cone. Cone. Cone. 

Electrolyte | Electrolyte Electrolyte | Electrolyte 
NaCl 9 51 MgsO, 0.2 0.8 
KCl 9 50 AICls 0.1 
KNO3 12 50 AI(NOs3)3 5 ee Oil 
Ba(NO3)o 14 0.7 KeS04 0.2 
BaCle 10 0.7 KoCr207 0).74 


It is evident that the trivalent ions are much more effective in pre- 
cipitating colloids of opposite sign than are divalent ions and that the 
divalent ions are more effective than the univalent ions. There is no 
simple quantitative relation between the valence of the ion and the pre- 
cipitating concentration because several other factors are involved also, 
such as the protective action of ions having the same sign as the colloid 
particles. 
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Table II illustrates the general principle that positive colloids are 
precipitated by negative ions and negative colloids are precipitated by 
positive ions; and in both cases the higher the valence of the ion (that 
is, the larger the number of charges on a single ion), the more effective is 
the precipitation. 

The action of electrolytes on lyophilic colloids is less sharply defined 
than their action on lyophobic colloids. Large concentrations of alkali 
salts are necessary to precipitate albumins; but small amounts of the 
heavy metals give precipitation on account of chemical reactions. 

Charged colloids as well as ions are effective in precipitating colloids 
of opposite charge. For example, when solutions of positive ferric oxide 
colloids and negative arsenious sulfide colloids are mixed, a mutual 
precipitation of the two colloids is produced. Sometimes the mixture 
of two different kinds of ink will cause a precipitation for the same rea- 
son. 

Protective Colloids. When a lvophilic colloid is added to a solution 
of a lyophobic colloid, it often forms a coating around the lyophobic 
colloid, owing to attraction of the two colloids. The lyophobic colloid 
surrounded by the film of lyophilic colloid then behaves as a lyophilic 
colloid, and is thus less easily precipitated by ions. Protective coatings 
of this kind can be illustrated by the stabilizing effect of gelatine added 
to lyophobic colloids such as sulfur or freshly precipitated silver bro- 
mide. They are found in organic colloids, and they play a part in the 
behavior of certain cements and even in the geology of certain sedi- 
mentary rocks. In biological systems they are particularly important. 

The protective action of a lyophilic colloid can be measured semi- 
quantitatively by finding the concentration of the colloid which is neces- 
sary to just prevent the change in a solution of colloidal gold from red 
to blue produced by the addition of a specified amount of sodium chlo- 
ride. This concentration, sometimes called the ‘‘gold number” of the 
protecting colloid, is sufficient to form a protective coating which will 
prevent the gold particles from growing into larger crystals when an 
electrolyte is added. The formation of the larger particles in the solu- 
tions of colloidal gold is accompanied by a change from red to blue. 

Interfacial Tension. When two partially miscible liquids are placed 
in contact, each dissolves to a certain extent in the other, sometimes 
causing marked changes in the surface tensions. The interfacial energy 
may be defined as the work required to increase the area of the inter- 
face by 1 sq cm. 

It can be measured by most of the methods already described for 
measuring the surface tension of pure liquids against air. The drop- 
weight method, in which the weight of a drop of the first liquid is deter- 
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mined as it falls or rises from a specially prepared tip immersed in a 
second liquid, is perhaps the simplest for measuring interfacial tensions. 
The conditions have to be carefully controlled. The addition of a third 
substance which concentrates in one or both liquids at the interface may 
exert a profound influence on the interface and on the colloidal behavior. 

Gibbs’ Equation. The influence of concentration of solute on the 
surface tension of the solution was derived in 1876 by Gibbs.* It is 
summarized by the equation, 


u=—-—— (10) 


where wu is the excess concentration of solute in the surface layer per 
square centimeter, and dy/dc expresses the rate of change of surface 
tension y with concentration, c. According to this equation, in a solu- 
tion in which the surface tension increases with concentration (when, 
dy/dc is positive) solute is forced out of the surface layer and into the 
interior of the solution by the addition of more solute; but in those solu- 
tions where the addition of more solute decreases the surface tension the 
added solute will tend to concentrate in the surface layer. 

It may be concluded that the surface tension of a liquid can be lowered 
to a considerable extent by the addition of a solute because the solute 
will then concentrate in the surface and register a large effect; however, 
the surface tension can never be increased very much by the addition of 
a solute because, in this case, it is held chiefly by the bulk of the solution 
where it can exert no influence on surface phenomena. This deduction 
is well confirmed by experiment. Soaps and other material are known 
to reduce the surface tension of water by more than half, but no sub- 
stance has yet been discovered which will raise the surface tension more 
than a few per cent. 

Experimental tests of this equation are difficult because the real sur- 
face layer contains such a small amount of dissolved material, but they 
indicate that the equation is essentially correct. In one of the tests, 
froth and foam were swept out from a soap solution, and the con- 
centration in this froth was found to be greater than that in the bulk 
of the solution left behind,t in another, a scoop traveling along an ac- 
curately machined track skimmed off the surface of the solution. 

Adsorption. At the extreme surface of a solid there must be a layer 
of atoms and molecules which have some valence forces or other at- 
tractive forces left over that are not so fully utilized as those associated 

* Gibbs, Trans. Conn. Acad., 3, 439 (1876). 


t Nutting, Long, and Harkins, J. Am. Chem. Soc., 62, 1496 (1940). 
t McBain and Wood, Proc. Roy. Soc. (London), A 174, 286 (1940). 
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with the atoms and molecules in the interior which are completely sur- 
rounded by other molecules. Accordingly, most solids attract gases or 
solutes to their surface, a phenomenon which is called adsorption. The 
extent of this adsorption depends greatly on the specific nature of the 
adsorbing solid and the molecules being adsorbed, and it depends also 
on the concentration or pressure and on the temperature. Since ad- 
sorption is a surface phenomenon, it depends on the area of the surface 
exposed. 

Charcoal is an excellent adsorbent for the removal of condensable 
vapors from gases or for the removal of solutes from solution. The cel- 
lular structure of the plant or animal material from which the charcoal 
is made provides a very large surface area if care is taken in the pro- 
duction of the charcoal. Organic or inorganic precipitates can be pre- 
pared with many crevices and capillary pores in the surface, thus giving 
a large surface area and a large capacity for adsorption. Silica gel, de- 
scribed a little later, is an example of such an adsorbent. 

For a given weight of adsorbent with a given surface area the amount 
of material adsorbed depends on the concentration of the material around 
the adsorbent. The higher the concentration, the greater the amount 
which can be adsorbed. When an adsorbing material is placed in con- 
tact with a suitable gas or solute, the amount adsorbed will gradually 
increase, and the concentration of the surrounding molecules will de- 
crease until the rate of desorption becomes equal to the rate of adsorp- 
tion, and, thus, an equilibrium is established. If the concentration of 
material is increased, the weight of adsorbed material will increase to a 
new equilibrium value, and, if the concentration is decreased, the ad- 
sorbent will lose adsorbed material to its surroundings until equilibrium 
is again established. This relation is illustrated in Figs. 126 and 127 for 
the adsorption of nitrogen dioxide on silica gel (NO2 and N2O4 caleu- 
lated as NO). 

Adsorption of this type may often be represented by the empirical 
equation of Freundlich, which applies either to gases or to solutes in 
solution, 


ke” (11) 


=. les 


or 


v 
log — = nloge + logk (12) 
m 
where k and n are constants to be determined by experiment for each 
temperature, solute, and adsorbent. Graphs for this equation are shown 
in Fig. 127, and the evaluation of the constants is illustrated in ex- 
ample 4. 
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Fic. 126. Adsorption of nitrogen dioxide on silica gel. 
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Fig. 127. Log—log graph of adsorption of nitrogen dioxide on silica gel using data 
of Fig. 126. 
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Example 4. Evaluate the constants k and n in Freundlich’s equation, for 
nitrogen dioxide using the following data at 25°. 


p (in mm pressure) 3.00 5.4 hak. 10.6 12.3 
x/m (in g NO» per g SiO2) 0.54. eo 2200 3.92 SO 


When the logarithms of these data are plotted on rectangular coordinates, the 
slope of the line n is found to be 1.55. The constant k is the antilogarithm of 
the intercept where p = 1 mm and log p = 0. Its value is 0.095. Then 


= = 0,095p1- 
m 


Techniques are available for determining the absolute surface area 
of certain adsorbing materials and catalysts by measuring the amount 
of helium or other gas adsorbed under special conditions of low tem- 
perature and pressure.* 

Industrial applications of adsorption are important. Colored ma- 
terial and impurities are removed from sugar and from many organic 
products by filtering through charcoal or other adsorbents. Obnoxious 
gases or valuable gases may be collected by passage through charcoal 
or silica gel and can be recovered later in a concentrated form by raising 
the temperature and desorbing the gas. Gas masks containing adsorb- 
ents are used for protection against specific poisonous gases. 

Some adsorbing materials exchange specific ions as, for example, the 
zeolites which are used in water softening. Where the reaction is 


ce _t Catt = X=Catt + 2Nat 


When water containing calcium ions is passed through a bed of zeolite 
containing a large surface, the calcium ions replace the sodium ions and 
are removed from the solution, the sodium ions taking their place. The 
zeolite can be reactivated, however, by throwing off the calcium ions 
with a concentrated solution of sodium ions. 

Zeolites suitable for such purposes occur as natural minerals, or they 
can be made artificially. Other similar materials can be prepared which 
remove ions of iron. A new type of adsorbing material is now available 


in the form of orgame resins such as ‘‘Amberlite” resins or ‘“Dowex”’ ~ 


which can be prepared in such a way as to remove specific ions or other 
solutes. 

The Langmuir Theory of Adsorption. The Freundlich equation is 
useful as an empirical formula, but a better equation has been developed 


* Brunauer, Emmett, and Teller, J. Am. Chem. Soc., 60, 309 (1938) ; Emmett, Ind. 
Eng. Chem., 29, 639 (1945). 
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by Langmuir.* Its derivation is based on the well-established view that 
a solid has a erystal lattice and that its surface is like a checkerboard 
with atoms arranged in orderly fashion. Each atom at the surface has 
free valences or unattached forces which are available for attaching one 
and only one molecule from the gas phase or from solution. There is a 
continuous flight of molecules from the external phase to the surface 
and in the opposite direction. The rate at which molecules are ad- 
sorbed depends on three factors: (1) the number s striking the surface 
per second (calculated from the kinetic theory of gases); (2) the fraction 
m of incident molecules which adhere; and (3) the area (1 — g) which 
is not covered by adsorbed molecules, g being the fraction covered. The 
rate of desorption is gr, where 7 is the rate of evaporation from a com- 
pletely covered surface. 
At equilibrium, 
gr = ms(1 — g) = ms — gms 


ms 


Eo ATOR 


Substituting / for the constant m/r, we have 
ls 
RA Gh Is 


g (13) 
If different constants a and 6 are used, the weight of adsorbed material 
y per unit surface of adsorbing material is given by the formula, 


abp 
o 1+ ap 


where 7p is the pressure of the gas. Concentrations c may be used in- 
stead of pressures, and y may be considered proportional to the weight 
of adsorbed material per weight of adsorbing material. 

This formula fits many experimental data very well. In fact, the 
agreement constitutes an argument in favor of the underlying assump- 
tion of an adsorbed layer 1 molecule deep. At very high pressures it 
does not always apply so well, probably because under these conditions 
a new type of adsorption is occurring, namely, the liquefaction of the 
gas in capillary pores. Under these conditions the layer is, of course, 
many molecules deep and there is other evidence of condensation. 
Patrick found that, on silica gel, where the capillary type of adsorption 
prevails, the quantity of different gases adsorbed under similar con- 
ditions depends chiefly on the boiling point. Taylor has been able from 


* Langmuir, J. Am. Chem. Soc., 38, 2267 (1916); 40, 1361 (1918). 


y (14) 
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thermal measurements to distinguish between (1) chemical adsorption 
by attachment to an atom at a surface, and (2) physical adsorption. 
The evolution of heat in (1) may be several times that in (2). 

It is significant that improved experiments tend more and more to 
support the Langmuir formula and its underlying hypotheses when the 
adsorption is not too great. Measurements of the quantity of water 
adsorbed on glass surfaces seemed to indicate that the layer must be 
several molecules deep, but repetition of the work with fresh glass sur- 
faces that had never been etched by contact with liquids showed that 
the adsorbed layer is probably 1 molecule thick.* In an important 
series of investigations in which adsorbed material was weighed with a 
small spiral spring of quartz, McBain ¢ has shown that, if the adsorb- 
ing surface is absolutely clean the Langmuir formula applies satisfac- 
torily, whereas the Freundlich formula can be applied, if the adsorbing 
surface contains impurities. Additional proof of the correctness of 
Langmuir’s formula is due to Tiselius. f 

Differential Adsorption.§ The rate and extent of adsorption on a 
given adsorbent varies for different materials. When a solution con- 
taining several different substances is poured through a column of the 
adsorbent, each substance is adsorbed at a different level. For example, 
if a green leaf is extracted with acetone or petroleum ether and the solu- 
tion is poured through a tube containing powdered sugar, followed by a 
little pure acetone or petroleum ether, the tube will show different bands 
of color corresponding to the carotenes, chlorophyll A, chlorophyll B, and 
other colored compounds. The column may then be cut apart in sec- 
tions to separate the different materials adsorbed from the solution. 
Since most of the work to date has been done with colored substances 
which can be seen, the process is called chromatographic adsorption. It 
provides a simple effective method for the separation of biological ma- 
terials which are otherwise difficult to separate. 

Alumina, magnesia, powdered glass, charcoal, and other adsorbents 
may be used. Colorless materials can be separated also, if the lines 
separating the different materials can be brought out by fluorescence or 
by ultraviolet photography. Tiselius has described a modification of 
this method in which the solution is forced through an adsorbing column 
under conditions such that the materials are slowed down but not 


* Frazer, Patrick, and Smith, J. Phys. Chem., 31, 897 (1927). 

t McBain and Britton, J. Am. Chem. Soc., 52, 2198 (1930). 

t Tiselius, J. Phys. Chem., 40, 223 (1936). 

§ Cassidy, J. Chem. Education, 16, 88 (1939); Strain, “Chromatographie Adsorption 
Analysis,” Interscience Publishers, New York, 1941; Zechmeister and Cholnoky, 
“Principles and Practice of Chromatography,” John Wiley & Sons, 1941. 
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entirely adsorbed. The moving column of filtrate is then examined with 
a beam of light, as in the measurements of electrophoresis described on 
page 542. Dark lines separate the solutions of the different dissolved 
materials, and, as they move along the tube, the solution between two 
of these dark lines is drawn out through a side arm. In this way one - 
dissolved material may be separated from the others. ‘Tiselius,* using 
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Fig. 128. Differential adsorption and elution of rare earths. 


charcoal, has separated glucose from a mixture of glucose and lactose 
by this method. 

The successful separation of the rare earth elements in a high degree 
of purity by fractional adsorption on organic resins is one of the striking 
developments of the war research.t Previous to this development the 
separation of the rare earths was very difficult and required hundreds 
of tedious recrystallizations because the different elements are so similar 
in their chemical and physical properties. In the new process a solution 
of ammonium citrate at a definite pH containing several of the rare 
earths is run through a column packed with small pieces of these or- 

* Tiselius, Arkiv. for kemi, mineralogi o geologt, [15B] 6, 1-8 (1941). 

{+ Symposium on Jon Exchange Separations, J. Am. Chem. Soc., 69, 2769-2878 
(1947). 
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ganic resins. The rare earths are adsorbed on the resin, and then they 
are removed by desorbing with a solution of ammonium citrate. This 
process of desorption is called elution. The equilibria and rates of ad- 
sorption and reaction with ammonium citrate are sufficiently different 
for the different rare earths so that a slight separation is effected while 
traveling a short distance down the column (corresponding to a theo- 
retical plate as described on page 215). The separation is increased suc- 
cessively as the solution flows down the whole length of the column, in 
the same manner as gases and liquids are separated by fractionation 
through a long distilling column. An example of this technique * is 
shown in Fig. 128. It is interesting to note the good separation of ele- 
ment 61 produced by the fission of uranium 235 (page 656). Previous 
evidence for element 61 was not regarded as satisfactory. 

Molecular Orientation at the Interface. When one drop of oleic 
acid or a similar oil is placed on absolutely clean, grease-free water, it 
spreads out quickly to give an extremely thin layer. The edges of the 
film are made visible by dusting tale or a similar powder over the sur- 
face, and the area then can be readily measured. The weight and den- 
sity of the liquid and the area of the film being known, the thickness may 
be calculated easily. Moreover, the number of molecules can be cal- 
culated from the weight of the liquid and Avogadro’s number. When 
films spread so far that they do not spread further, it may be assumed 
that the layer is only 1 molecule thick. Then the average cross section 
of a molecule can be calculated from the area, and the average length of 
the molecule can be calculated from the thickness of the film. A few 
values obtained in this way are summarized in Table III. 


TABLE III 


Dimensions or Mouecutes in UNIMOLECULAR Fimms 


Film Thickness 

Film Formula (Length of Mole-| AT 

cule) a 
Palmitic acid Cy5H313COOH 24 A 21 
Stearic acid Ci7H3,; COOH D5 22 
Cerotie acid Co5H5;COOH 31 25 
Tristearin (CysH3502)3C3H5 25 66 
Cetyl alcohol CigH330H. 22 21 
Myricyl alcohol C30H—6,0H 41 Berl 


* Ketelle and Boyd, J. Am. Chem. Soc., 69, 2808 (1947). 
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It is seen that the cross-sectional area of an aliphatic chain is about 
22 sq A and that a compound with three chains in the molecule has 
areas of 66 sq A. Increasing the length of a chain with more carbon 
atoms causes a corresponding increase in the film thickness. Moreover, 
the length and cross section of the molecules calculated in this way are 
in excellent agreement with the values obtained independently by X- 
ray analysis of crystals and in other ways. These facts support the hy- 
pothesis that the film is exactly 1 molecule thick, and closely packed, 
the longer axis of the molecules being nearly at right angles to the sur- 
face of the water film. These measurements were among the first to 
provide direct physical evidence that the organic molecules are of the 
shape and size expected from theoretical organic chemistry. 

The explanation of this vertical alignment of molecules at the inter- 
face was offered by Harkins and by Langmuir. A molecule such as 
stearic acid has a polar carboxyl group at one end of a hydrocarbon 
residue. There is a strong dipole attraction between the carboxyl group 
and the water molecules but little attraction between the hydrocarbon 
part of the molecule and water. In simpler language, the carboxyl end 
of the molecule tends to dissolve in the water ana the hydrocarbon 
portion does not. The result is that the molecules become orientated 
with their “heads” attached to the water and their ‘“‘tails’”’ aligned 
vertically. This hypothesis of vertical alignment and close packing has 
been checked by direct measurements with reflected X rays. This 
orientation at an interface is exhibited not only by the organic acids but 
also by the higher alcohols and any insoluble material which has a polar 
group on one part of the molecule. It is responsible for a variety of 
phenomena in colloid chemistry and biology. 

The force exerted by these unimolecular films has been measured ac- 
curately with simple apparatus.* A barrier is forced against the film in 
a special trough, and the force required to compress the film by definite 
area increments has been measured with a special balance. On plotting 
the force in dynes against the areas per molecule, expressed in square 
angstroms, curves are obtained for these two-dimensional films which 
exhibit breaks at definite pressures. 

Langmuir + has carried out interesting experiments with these uni- 
molecular films, in which the pressure of the film causes it to deposit 
along the surface of the plate as the plate is passed through the film into 


* Langmuir, J. Am. Chem. Soc., 39, 1869 (1917); Harkins, ‘Recent Advances in 
Surface Chemistry and Chemical Physics,” Am. Assoc. Adv. Sci., Science Press, 
New York, 1939, page 29. 

+ Langmuir, “Recent Advances in Surface Chemistry and Chemical Physics,” 
Am. Assoc. Ady. Sci., Science Press, New York, 1939, page 1; Science, 84, 379 (1936) 
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or from the water. By dipping a clean plate of glass up and down 
through the surface film, it is possible to build up multiple layers which 
finally become thick enough to show interference patterns with light. 
From the wave length of the light reflected through these films it is pos- 
sible to determine the total thickness, and from this value and the number 
of films deposited it is possible to calculate the length of the molecule 
in the film. This value agrees with the length calculated in other ways. 

The Donnan Membrane Equilibrium.* Certain colloidal substances, 
such as congo red, are alkali salts of complex organic acids, and they dis- 
sociate, for example, into Na* and R7~ ions. The anions of such colloidal 
electrolytes are so large that they cannot pass through membranes such 
as parchment paper. The sodium ion, however, can diffuse through, 
but the diffusion can proceed only to a slight extent before it is offset by 
the large electrostatic attraction, because of the creation of unbalanced 
positive and negative charges on each side of the membrane. When 
sodium chloride is present, however, the Na‘ and Clq ions can diffuse 
through in pairs without upsetting the electrical equilibrium. When a 
mixture of congo red and sodium chloride is placed on one side of a mem- 
brane and sodium chloride alone on the other side and time is allowed 
for the attainment of equilibrium, it is found that the concentration of 
the R~ ion remains the same, but the total concentration of ions is 
greater on the congo-red side. The quantitative relations between the 
concentrations of the various ions and the osmotic effects have been 
developed by Donnan (originally also by Willard Gibbs) and checked 


Before Equilibrium 


After Equilibrium 


A B 
Nat Stites ie Naw Gl 
Cy +2 C1 x CON GEC Oe et 


Fig. 129. Principle of Donnan membrane equilibrium. 


by experiment. These relations can be described with the help of Fig. 
129 where the ions Nat and R7 at concentrations c, are placed on one 
side A of a membrane permeable to water and to all ions except the col- 
loidal R~ ions. The volumes of the solutions remain constant. 


* Donnan, Chem. Rev., 1, 73 (1924). 
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On the other side, B, of the membrane, sodium chloride is placed at 
concentration Co. 

It is assumed that both salts are practically completely dissociated. 
The R™ ions cannot diffuse through the membrane, and their concen- 
tration remains constant at c,, but the other three ions are free to dif- 
fuse and at equilibrium will have definite concentrations, determined 
by two restrictions. According to the first restriction, the number of 
positive ions and negative ions must be equal in a given solution, in- 
suring electric neutrality. 

According to the second restriction, the product of the concentrations 
of sodium ions and chloride ions must be the same in solutions of sodium 
chloride which are at equilibrium. 

When equilibrium is reached, x ions of Cl~ and z ions of Na* will 
have diffused into the compartment A, leaving cz — x ions of each in 
compartment B. 

Then, since 


(CNat X Ccr-)a = (€nat X Corm)B 


a(cy + 2) = (2 — x)(cg — 2) 
and, therefore, 
x C2 


Co) Cy + 2Ce 


The term x/cg gives the fraction of sodium chloride which diffuses 
through the membrane. 


Example 5. In the membrane experiment just described, if the initial con- 
centration of congo red in A is 10 (in arbitrary units), and that of sodium chloride 
in B is 20, what will be the concentration of each ion in each compartment after 
equilibrium is attained? 


sheng Cerwin 4 00): fers 8 
SF piivick 0p 1040 
Then at equilibrium; in A, cy,+ = 18, cp- = 10 and cq- = 8; and in B, cyt = 


12 and cq- = 12. 
It is clear that the two restrictions previously mentioned are met: 18 = 10 + 8 
and 12 = 12; and 18 X 8 = 12 X 12. 


The Donnan membrane equilibrium finds several applications espe- 
cially in the field of biology. It is particularly applicable to proteins 
and the lyophilic colloids. It explains the observed differences in con- 
centration and the swelling of gelatine. Since the total concentration of 
solutes is greater on the side of a membrane containing ionizable col- 
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loids, it is clear that the vapor pressure will be less, and there will be dif- 
fusion of water into the solution of greater concentration. 

The interaction of slow and rapidly moving charged particles involves 
a Donnan effect just as if the particles and ions were separated by a 
membrane instead of by a difference in velocities. The Donnan effect 
may be suppressed by the addition of an excess of neutral electrolytes 
which diminish the zeta potential. In this way it is possible to obtain 
measurements in the sedimentation of proteins which are characteristic 
of the protein itself rather than of the assembly of protein-stabilizing 
ions. 

Emulsions. An emulsion is a system of two immiscible liquids, one of 
which is dispersed throughout the other in small drops. If the drops of 
the dispersed liquid are large, they settle rapidly, and the liquids quickly 
separate into two layers. If the diameter of the drops is between ly 
and 0.001y, the system is colloidal, and the emulsion is much more 
stable. 

In order to prepare stable colloid emulsions, it is usually necessary to 
add a small amount of an emulsifying agent, such as a soap, which will 
reduce the surface tension of one of the liquids. Obviously, the in- 
troduction of a large number of small drops of another liquid within the 
body of a liquid increases greatly the surface area of the first liquid, and 
it is clear that the energy required for such a surface expansion will be 
less if the surface tension is decreased. In the case of benzene and water, 
the interfacial tension of 35 dynes per centimeter can be reduced to 2 
dynes per centimeter by the addition of sodium oleate. By such pro- 
cedures it is possible to obtain emulsions which have 100 parts of oil 
spread out as drops through only 1 part of water. Emulsifying agents 
include not only soaps and detergents which reduce surface tensions but 
also gelatine, albumin, gum arabic, and other lyophylic colloids which 
tend to form protective coatings around the small drops. Sometimes 
unsuspected impurities act as emulsifying agents in the formation of 
emulsions which would not otherwise be expected. 

The oil-in-water emulsion is a common type of emulsion, but it is 
possible also to have water-in-oil emulsions. The liquid forming the 
drops is called the dispersed liquid, and the external liquid in which the 
drops are dispersed is called the dispersion medium. In a simple test to 
determine which is the dispersion medium, a drop of each liquid is added 
to a sample of the emulsion spread out on a plate. If water mixes with 
the emulsion, the water is the dispersion medium; if oil mixes with it, 
the oil is the dispersion medium. The type of emulsion formed will de- 
pend somewhat on the relative solubilities of the emulsifying agent in 
the two liquids. For example, pure magnesium oleate which is soluble 
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in benzene but not in water lowers the surface tension of the benzene 
and gives an emulsion of water dispersed in benzene. 

Emulsions find many industrial applications. Mechanical homog- 
enizers are used to mix two immiscible liquids intimately by producing 
very fine droplets of one in the other. For example, asphalt emulsified 
in water is used for building roads without the necessity of melting the 
asphalt. One of the most important processes now used in mining opera- 
tions for concentrating the valuable part of ores is that of ore flotation. 
In this process the finely pulverized ore is treated with an oil emulsion 
and foam in such a way that the particles of valuable mineral are car- 
ried to the surface where they are collected. 

Among the household emulsions milk and salad dressing are important 
examples. The cleansing action of ordinary soap depends to a large 
extent on the production of an oil-in-water emulsion in which the large 
surface of the oil droplets helps to remove the greases and dirt. Several 
drugs are prepared in the form of emulsions. 

Emulsions are sometimes objectionable, as, for example, in oil wells 
which give petroleum emulsified with water. Emulsions often can be 
broken by freezing, by filtration, by electrostatic precipitation, and by 
centrifuging. The centrifuge method is used extensively for the separa- 
tion of cream from milk. 

Gels. A given material may be produced in either the crystalline 
or amorphous state, depending on the conditions of its formation. Von 
Weimarn has shown that the degree of supersaturation, at the time of 
formation, and the viscosity of the medium account for the observed 
phenomena qualitatively at least. For example, when barium sulfate 
is precipitated from very dilute solutions it is possible to obtain small 
crystals. When the solutions are more concentrated, the state of super- 
saturation after mixing is greater, and the crystals become less pro- 
nounced. When the solutions contain about 1 equivalent per liter, an 
immediate precipitate is formed which is apparently amorphous. With 
still more concentrated solutions (3 to 7 equivalents per liter of barium 
thiocyanate and manganese sulfate), a clear jelly is produced. 

It is obvious then that we should not speak of crystalloidal and col- 
loidal matter but rather of the crystalloidal and colloidal states. In 
fact, it is now recognized that it is simply a matter of overcoming ex- 
perimental difficulties before it will be possible to obtam most forms of 
matter in the colloidal state. 

A gel is a stiff semirigid precipitate which retains the liquid in which 
it was initially dissolved. Gels may be prepared in several different ways. 
The simplest and commonest type of gel is produced by cooling a certain 
type of colloid solution. For example, when a 2 per cent solution of 
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gelatine dissolved in warm water is cooled, it sets to a stiff transparent 
gel in which long filaments of material are intertwined in a structure 
resembling that of a pile of brushwood. Gels may be made also by 
direct precipitation, in which there is a direct exchange of ions such, for 
example, as the silicic acid gel, which is produced by mixing solutions of 
hydrochloric acid and sodium silicate. After the combined solution 
stands for a while, it sets to a stiff clear gel, the time required for setting 
depending on the concentrations. It is this silicic acid gel which after 
being dried gives silica gel with many pores and large surface areas that 
are effective in the adsorption of gases. 

Another type of gel is produced by changing the solvent. A gel of 
nitrocellulose is formed, for example, when chloroform is mixed with a 
colloid solution of nitrocellulose in amyl acetate. Again the nitro- 
cellulose gel can be prepared by dissolving nitrocellulose in acetone and 
evaporating the solvent. The threadlike nature of the cotton can some- 
times be detected even after the gel has been formed, indicating that 
the original character of the fibers still persists and that these fibers can 
retain large amounts of the liquid. Double-base ‘powder’ used exten- 
sively as a propellent in large naval guns and in rockets is a gel com- 
posed of nitrocellulose and nitroglycerol. 

On standing, gels frequently undergo an appreciable shrinkage in 
volume with a simultaneous extrusion of liquid. This phenomenon is 
called syneresis. When placed in a dry atmosphere gels quickly dry 
out, and when placed in water they take up water, rapidly at first, and 
then more slowly. The rate depends on the difference between the 
weight of water which the gel holds and the maximum amount which 
it can hold. 

The change of sol to gel is a reversible one in the case of gelatine. The 
gel is readily reconverted into a sol on warming the stiff gel obtained 
when a moderately concentrated solution of the gelatine is cooled. In 
albumin and certain other lyophilic colloids, however, a chemical change 
accompanies the heating, and irreversible coagulation occurs, as ex- 
emplified in the boiling of an egg. 

The behavior of gels on freezing depends largely on the amount of 
unadsorbed water, and this relation is important in explaining the 
winter hardiness of certain types of seeds. 

Lyotropic Series. Salts have a marked effect on the temperature of 
the gel-sol transformation, some tending to raise the temperature of 
gelation and others to lower it. The effect is not to be explained on the 
basis of ionic charge, and, in fact, univalent ions give widely different 
results. Hofmeister arranged the negative ions of sodium salts in the 


REFERENCES 561 


following order, the first having the greatest influence in lowering the 
temperature of gelation and the last one the least influence: 


SCN = 1s = Bre > NO; = ClO3— = El~ > CeH302— = SO. (15) 


The same sequence of ions is maintained, not only in the gelation 
temperature of agar-agar and similar substances, but also in their rate 
of swelling, and the series finds applications in several different fields. 
The behavior of this series is not fully explained as yet, but it is related 
in some way to the diameter of the ion and the interaction between the 
ion and the dipoles of the water molecules. 

Industrial Colloids. Foams consist of air bubbles surrounded by 
liquid films, and these become troublesome in certain industrial processes 
of evaporation. Clouds and smokes are colloid particles of liquids or 
solids dispersed in the gas phase. They tend to obscure vision and 
produce dirt in cities; sometimes they are responsible for large financial 
losses in chemical operations, and again they may constitute health 
hazards to animals and plants. A successful method of electrical pre- 
cipitation, invented by Cottrell, is extensively used in smelting and other 
industries where a valuable or an objectionable dust or smoke passes out 
the chimney. A direct current at about 50,000 volts is passed from a 
central wire to the surrounding circular metal wall in the form of a corona 
discharge. The particles acquire electric charges by attaching ions in 
the discharge and are quickly drawn to the electrodes from which they 
can then be scraped mechanically. 

Proteins, dyes, and soaps constitute a group of colloids of known chem- 
ical structure. They are among the smallest colloid particles, and, in 
fact, the difference here between true solution and colloid solution is not 
sharply defined. These materials frequently dissociate into ions and are 
called colloidal electrolytes. A surprisingly large number of common 
articles are gels including cellophane, rayon, soap, resins, rubber, and 
many new plastics. 
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PROBLEMS 


1. Ina colloidal solution of silver, it is assumed that each particle is a cube 0.044 
on an edge. (a) How many colloid particles can be produced from 0.1 g of silver? 
(b) What is the total area of the silver particles? (c) What is the area of a single 
cube of silver weighing 0.1 g? The density of silver is 10.5. 

Ans. 1.49 X 10" particles. (6) 1.43 X 10* cm”. (c) 0.268 cm?. 

2. Using the following modification of Stokes’s law 


Qgr2(S — So) 
SS 
9n 


where » = velocity; g = force of gravity; 7 = radius of particle; S = density of 
particle; So = density of medium; 7 = viscosity of medium; calculate the time 
necessary for a quartz particle 10u in diameter to fall 50 cm in distilled water at room 
temperature. S = 2.6; 7 = 0.0100 poise. Ans. 95.6 minutes. 

3. A sample of polystyrene was dissolved in toluene, and the following flow times 
in an Ostwald viscometer at 25° were obtained for different concentrations: 


Concentration (g/100 cc) 0 0.1 O33) 026.5059 
Time (seconds) 86.0 99.5 182 194 301 


The expression [(n/no) — 1]/c is plotted against c and extrapolated to zero concen- 
tration to obtain the intrinsic viscosity. If the constants in Staudinger’s equation 
are K = 3.7 X 1074 and a = 0.62 for this polymer, calculate the molecular weight. 
Ans. 640,000. 
4. Human blood plasma contains approximately 40 g of albumin (M = 69,000) 
and 20 g of globulin (M = 160,000) per liter. Calculate the colloid osmotic pressure 
at 37° C ignoring the Donnan effect. Ans. 14mm of mercury. 
5. One milliliter of a certain activated charcoal has a surface area of 1000 sq m. 
If complete surface coverage is assumed, as a limiting case, how much ammonia, at 
standard conditions, could be adsorbed on the surface of 45 ml of activated charcoal? 
The diameter of the NH; molecule is 3 X 10~* em, and it is assumed that the mole- 
cules just touch each other in a plane. Ans. 18.5 liters. 
6. Magnesium oxide adsorbs silica from water and follows the Freundlich equa- 
tion. It may be used to reduce boiler scale of silica. Plot the following data on 
log-log paper and calculate the constants of the Freundlich equation. Calculate 
the parts per million of magnesium oxide needed to reduce the residual silica to 2.9 
parts per million. (1 ppm = 1 mg per 1000 g H20.) 


MgO (ppm) 0 75 100 200 
Residual SiOz (ppm) 26.2 9.2 6.2 120 
SiOz. removed (ppm) 0 17.0 20.0 Pe 


Ans. 153 ppm MgO. 


7. A solution containing 0.0015 g of Fe:O3 per milliliter was diluted 1 part to 
10,000. Ultramicroscopic count on the dilute solution gave an average of 4.1 particles 
per count in a field of view of 0.04 mm diameter and 0.04 mm depth. If it is assumed 
that the density of the particle is 5.2, and that the particles are spheres, what is the 
diameter of the particles? 

8. Using the formula » = [2gr°(S — So)]/9n (given in Problem 2) calculate the 
time necessary for a spherical calcium chloride particle 40u in diameter to fall 1 em 
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in carbon tetrachloride at room temperature. (So = 1.595; S = 2.152; » = 0.00975 
poise.) 

9. The number of spherical particles in a given volume of mercury sol which had 
come to equilibrium in a gravitational field was 386 at one level and 193 at a level 
0.10 mm higher. The temperature was 20°. The specific gravity of mercury is 
13.6, and that of the sol may be assumed to be 1. What is the average diameter of 
the particles? 

10. Colloidal egg albumin has a particle weight of 40,500. What is the osmotic 
pressure at 25° of a solution containing 5 g per liter? 

11. The diameter of the hydrogen molecule is 2.74 A. If an adsorbent has a sur- 
face of 850 sq m per milliliter and 95 per cent of the surface is active, how much 
He (measured at standard conditions) could be adsorbed by 100 ml of the adsorbent? 
It may be assumed that the adsorbed molecules just touch in a plane. 

12. One hundred grams of oleic acid (C17H33COOH) is poured on the surface of a 
clean lake where the spreading film can be seen if the water is rippled by a gentle 
wind or marked with rain drops. The cross section of the molecule is about 22 A’. 
What will be the maximum diameter in meters of a circular film produced in this 
way? 

13. From the Langmuir equation show that y is a linear function of p at very low 
pressures, and independent of p at very high pressures and that the curves of the 
equation will approximate roughly in general shape the Freundlich adsorption 
isotherm. 


14. A mercury sol is composed of globules having a diameter of 0.074. What is 
the surface of the particles formed from 1 g of mercury? 

15. A gold sol has particles of radius 15 A. Calculate the specific diffusion constant 
of this sol in water at 25°. The viscosity of water is 0.00895 poise. 

16. What is the osmotic pressure in millimeters at 25° of a 0.3 per cent colloidal 
solution of gold if the particles are cubical and 25 A on an edge? 

17. Crystallized serum albumin is dissolved in 0.1 N buffers of several different 
pH for the experimental measurements of electrophoresis. The distance moved by 
the protein boundary in the electrophoretic cell during 2 hours at a potential gradient 
of 6.5 volts per centimeter are given in the following table. Plot 


pH 3.76 4,20 4.82 5.58 
Az (cm) 0.936 0.328 0.234 0.700 
Movement toward cathode Toward anode 


the protein ion mobility versus pH, and determine the isoelectric point by inter- 
polation. Ans. pH of 4.5. 
18. The adsorption of Nz on mica is as follows: 


p Sie Ge asd 23,8 
aj/m «12 19 28.2. 20.8 


(p is given in dynes per square centimeter and a/m is the cubic millimeters of gas 
at 20° and 760 mm adsorbed on 24.3 g of mica, having a surface of 5750 sq cm.) 
Determine the constants of Freundlich’s equation, and calculate the value of x/m 
when p = 34. (The experimental value of x/m = 33.) 

19. Show that Langmuir’s equation may be written in the form p/y = 1/ab + p/b, 
where y = z/m. The constants a and b may be determined from the data of Prob- 
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lem 18 by plotting p/y against p. The straight line thus obtained has a slope 1/b 
_ and an intercept 1/ab. What are the values of the constants, and what is the calcu- 
lated value of y when p = 34 dynes per square centimeter? 

20. A liter of 0.01 M gelatin.chloride “G’’ Cl is placed on one side of a membrane 
and a liter of 0.1 M sodium chloride on the other. After equilibrium is reached, 
what will be the concentration of sodium ion and chloride ion on each side of the 
membrane? The membrane is permeable to sodium ions and chloride ions but not 
to gelatin ions. LM 

21. When a given volume of olive oil was dropped through a standard tip into 
a 0.001 M NaOH solution, 44 drops were formed, and the interfacial tension between 
olive oil and 0.001 M NaOH was computed to be 7.3 dynes per centimeter. When 
the same volume of olive oil was dropped through the same standard tip into an 
aqueous solution 0.001 M in NaOH and 0.15 M in NaCi, 300 drops were formed. 
Calculate the interfacial tension between olive oil and an aqueous solution 0.001 
in NaOH and 0.15 M in NaCl. 

22. The concentration c of colloid particles in a sedimentation equilibrium can 
be calculated from a standard differential equation, 


dc Bec de 
dt dx dx 


where «x is linear distance and D and »v are constants. This equation finds many 
applications in the flow of matter and heat. Its general solution is ¢ = aeg/P +b, 
Show that it can be used to derive equation 3 on page 531. 

23. Derive equation 8 on page 536, for a state of equilibrium by setting the force 
of gravity acting downwards exactly equal to the force of diffusion acting upwards. 
Thus, 

—op vO 
feravity = US — Sogn dx and faipusion = ce dx where p= WV Reals 

24. In a centrifuge experiment with egg albumin in a buffered aqueous solution 
at a pH of 6, the boundary moved 6.3 cm in 105 minutes, as determined by direct 
measurement of the change in position of the photometer curves with time. The 
speed of the centrifuge was 57,000 rpm. The distance from the center of rotation 
was 6.43 cm. Show that the specific sedimentation constant for this material is 
3.5 X 1078 em per second per unit field, after multiplying by 0.81 to correct for 
density and viscosity, 


CHAPTER XIX 
QUANTUM THEORY 


The quantum theory, first proposed by Planck in 1900, has had a pro- 
found influence on the development of science. The theory has led to 
advances in practical work no less important than those in theoretical 
work, and its findings have been so revolutionary as to lead to a new 
viewpoint in philosophy. There are two main themes ‘n quantum 
theory—first, that radiation is discontinuous, and, second, that there are 
restrictions imposed in the transfer of energy to molecules and electrons. 

The quantitative description of these restrictions has been aided by the 
application of mathematical formulas, sometimes called wave equations. 
This extension of quantum theory is known as quantum mechanics. 

Emission and Absorption. When light strikes a substance, a portion 
of the incident radiation is transmitted, a portion is reflected, and a 
portion is absorbed. These three possibilities are illustrated by the pas- 
sage of visible light through glass, the reflection from silvered glass, and 
the absorption by smoked glass. 

It has been established by Kirchhoff that the ability of a given sub- 
stance to emit radiation when heated is proportional to its ability to 
absorb radiation. Denoting the emission and absorption by # and A 
respectively, we have 

He= 6A (1) 
where s is constant. 

The constant s is the emissivity of a black body or perfect radiator 
which absorbs all the radiation and reflects none. Thus, when absorp- 
tion is complete, A = 1, and, according to equation 1, 


Se 10 


A hollow sphere containing a single small hole acts as a perfect radi- 
ator with complete absorption and maximum emission of light. Prac- 
tically all the radiation passing into the small opening is absorbed by 
multiple reflections at the surface. Likewise, when the sphere is heated, 
the radiation emitted has the maximum intensity that it can have at a 
given temperature. An electrically heated furnace with a small opening 
or even a heated blackened strip of platinum serves as a convenient but 
imperfect substitute for a perfect radiator. 
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The value of the emissivity constant s is the same for all solids at 
a given temperature, but the emission H decreases when the absorption 
becomes less than 100 per cent, as shown by equation 1. 

It can be shown that the law of Kirchhoff is a necessary consequence 
of the application of the second law of thermodynamics to the thermal 
equilibrium within an enclosure, the walls of which are impervious to 
heat. 

Kirchhoff’s law may be illustrated with a spot of colored glass melted 
onto a colorless glass tube. The spot appears dark on account of the 
absorption of light, but when the tube is heated the spot appears brighter 
than the rest of the tube because, according to equation 1, the emission 
E is directly proportional to the absorption A. When the tube is placed 
inside a heated furnace with a small opening, however, the spot dis- 
appears because the temperature has become uniform throughout and 
light is reflected back and forth so as to make the absorption of light 
complete within the enclosure. 

Laws of Radiation. According to the Stefan—Boltzmann law, the 
total radiation H# emitted by a perfect radiator is proportional to the 
fourth power of the absolute temperature. 

Thus, 

Ee= oT? (2) 
where o is constant having the value 5.69 X 107° erg em~? sec7? deg~*. 
This law, discovered experimentally by Stefan and derived theoretically 
later by Boltzmann, has been abundantly verified. A simple test con- 
sists In measuring on a cold receiver the quantity of heat radiated per 
second from a small opening of known area in a heated furnace. 


Example 1. An electrical furnace heated to 727° has a small hole 2 sq em 
in area which is pointed at a cold receiver. How many calories of heat hit the 
wall in an hour? 


4 
E = 5.69 X 107> X 2 X 3600 X a 


Fist x19 Ot 


The receiver itself radiates heat so that the net heat absorbed is less 
than this. = 


The average radiation from the summer sun on the surface of the 
earth has been found to be approximately 1.2 cal per minute per square 
centimeter in temperate zones. It has been estimated that the tem- 
perature of the surface of the sun is about 6200° K, the center of course 
being very much hotter. 

Total radiation includes radiation of all wave lengths, visible, infrared, 
and ultraviolet. The intensity of the radiation from a perfect radiator 
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varies greatly with the wave length as shown in Fig. 180. Measurements 
of this type may be made by spreading out with a suitable prism the 
total radiation from a perfect radiator. A thermopile is then moved 
along in different parts of the spectrum, and with suitable corrections 


11 


10 


Intensity of radiation 


ie) 


0 
0 10,000 20,000 30,000 40,000 50,000 60,000 70,000 
Wave length in angstroms 


Fig. 130. Emission of radiation from a black solid at different temperatures. The 
area under a curve, divided by 10,000, between specified wave lengths gives the 
energy in calories per second radiated from 1 cm? of a perfect radiator. 


the deflections of the galvanometer connected to the thermopile are 
proportional to the intensity of radiation. 

When an ordinary solid is heated, similar curves are obtained except 
that they fall below the curves shown in Fig. 130 for a perfect radiator. 
The emissivity varies with the wave length and with the nature of the 
solid and its surface, but it is never greater than that for a perfect radi- 
ator. 
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In Fig. 130 it is to be noted that, as the temperature of the perfect 
radiator is increased, the area under a curve corresponding to total 
radiation, increases as given by the Stefan—Boltzmann law. Moreover, 


Amax, Shifts to the shorter wave lengths. Wien showed that 

UX — A (3) 
and 

Time = B fis (4) 


where max, is the wave length at which the maximum occurs, Emax. 18 
the energy radiated at Amax., and A and B are constants. 

The energy HE, is the energy in ergs em ° sec” of a small portion of 
the spectrum lying between \ and }+ dd. Wien developed another 
formula which holds for short wave lengths but not for the longer wave 
lengths, according to which, 


Ci 
op S e7 CPAT (5) 


and Rayleigh developed a formula which holds only for the long wave 
lengths, according to which, 


G 
R= =F (AT) (6) 


where Cy, Cg, and C3 are constants. 

It is to be remembered that all these formulas apply only to heated 
bodies emitting continuous radiation. 

Origin of Quantum Theory. Realizing the limitations of these 
formulas, Planck derived a better equation which expressed the experi- 
mental facts with remarkable exactness over the whole range of the 
spectrum. In deriving this equation Planck was led to the bold conclu- 
sion that radiation is emitted and absorbed discontinuously in integral 
multiples of a fundamental unit which he called a quantum e, and that 
the energy of a quantum is proportional to the frequency of the light. 
These suggestions led to the quantum theory. 

The development of the quantum theory is one of the important mile- 
stones in science. As in many other important advances, the exact ex- 
perimental facts came first, then an empirical mathematical equation to 
express the facts, and, finally, a working hypothesis to explain the terms 
in the equation. Then, on the basis of this hypothesis, predictions were 
made and new experiments planned which led to rapid progress in many 
different fields of science. General confirmation of the hypothesis soon 
gave it the rank of a theory. 
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Planck’s formula * is 
Qnc7h 


Ey 2 eee? ae 1) 


(7) 


where F is the rate of emission of radiation of wave length i, ¢ is the 
velocity of light, & is the gas constant per molecule (R/N) called the 
Boltzmann constant, and h is a constant now known as Planck’s con- 
stant. This proportionality constant h has turned out to be a very im- 
portant universal constant. 

Formula 7 can be integrated to give the Stefan—Boltzmann law; it 
approaches the Rayleigh law, 6, for large values of \, and it approaches 
Wiens distribution law, equation 5, as \ approaches zero. Moreover, it 
is in agreement with the Wien equation 3. Planck’s radiation formula 
then is in remarkable agreement with the various facts of radiation, and 
it gives experimental values with excellent precision. In spite of these 
successes, the formula would probably have failed to obtain general 
acceptance on account of the radically new assumption concerning 
quanta, except for the fact that almost at once it became extremely use- 
ful in new and unrelated fields. It has revolutionized the study of 
spectroscopy. Critical potentials, photoelectric effects, and specific 
heats have all been interpreted quantitatively with the help of the 
quantum theory. The study of photochemistry and chemical kinetics 
and the calculation of equilibrium constants (page 286) have been 
stimulated by applications of quantum mechanics. 

According to the classical theories, the energy imparted to a molecule 
is distributed equally among the various degrees of freedom or types of 
motion which the molecule, and its parts can undergo, such, for example, 
as rotation of the molecule, vibration of the atoms, and displacement of 
the electrons. This hypothesis of the equipartition of energy is now 
known to be inadequate. The molar heat capacity of monatomic gases 
at constant volume is 3R (page 115), and there are three possible direc- 
tions and three degrees of freedom in the translational energy. Each 
degree of freedom then has associated with it } X 3R = 1 cal per de- 
gree. For each extra atom in the molecule there are more degrees of 
freedom and a greater heat capacity. Actually, however, the polyatomic 
gases have heat capacities which are much less than those calculated on 
the basis of the number of degrees of freedom. Also, there is nothing in 
the classical theory to lead one to expect the large temperature coeffi- 
cient of heat capacity which is actually found. Furthermore, diatomic 
hydrogen gas at temperatures below 70° K has a molar heat capacity 


* This formula is discussed fully in Taylor and Glasstone, “Treatise on Physical 
Chemistry,”’ D. Van Nostrand Co., New York, 1942, pages 189-196. 
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of 3 cal and behaves exactly as a monatomic gas. Again, on the classical 
theory, crystals of solid elements should have a heat capacity of 5.9 cal 
per degree (page 120), but a few crystals like carbon and, in fact, all 
crystals at sufficiently low temperatures have a heat capacity much 
smaller than 5.9. Apparently some of the degrees of freedom are “fro- 
zen up” at the lower temperatures. The restricting of the degrees of 
freedom found an explanation in the quantum theory of restricted energy 
units, and formulas involving the quantum hy were applied, with con- 
siderable success, to specific heats at low temperatures. 

There seems, then, to be adequate experimental justification in many 
fields for the quantum theory, according to which radiation is composed 
of units called quanta, and the energy of each quantum e is given by the 
fundamental equation of the quantum theory, 


e = hy (8) 


where h has the value 6.624 X 107°” erg-second and » is the frequency 
of the radiation in reciprocal seconds. In many applications of the 
theory, quantum numbers appear as integers in the various formulas, 
as indicated later. 

Spectroscopy. The quantum theory has had its greatest success in 
the interpretation of spectra, and the pioneer work is due to Bohr * who 
in 1913 proposed the fundamental hypothesis that electrons exist in 
definite energy levels, EZ), Ez, etc., without emitting or absorbing radia- 
tion, but that, when an electron changes from one level to another, mono- 
chromatic radiation is emitted or absorbed in accordance with the follow- 
ing equation: 

Ey — Hy = ¢ = by (9) 


Bohr assumed that the electrons revolve around the nucleus in ellip- 
tical orbits and that the centrifugal force is equal to the force of elec- 
trostatic attraction. In accordance with the new ideas he assumed 
further that the motion of the electron was quantized and that instead 
of an infinite number of possible orbits there is only a restricted number 
with properties represented by functions of the quantum number n, 
where m is an integer 1, 2, 3, 4, ---. By a simple application of me- 
chanics and electrodynamics, given in the appendix on page 689, he 
showed that the energy ZH, in a particular orbit 7 is 


r —m(Ze)*e*4n* 
i 2n7h? 0) 
where m is the mass of the electron, Z is the atomic number (page 621), 


* Bohr, Phil. Magq., 26, 1, 476, 857 (1918). 
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e is the charge on the electron, h is Planck’s constant, and n is an in- 
teger. Then, according to equation 9, the quantum of light emitted on 
changing from one orbit to another is given by the formula: 


QnmetZ? (1 1 
ee ts (11) 


Several of these quantities can be grouped together giving a constant 
known as the Rydberg constant R, defined as follows: 


Qr?met* 
les iB (12) 


in which c is the velocity of light, 2.9979 X 101° em sec! 
_ Then, substituting into equation 11, for hydrogen with an atomic 


number Z of 1, gives 
1 1 
PR eee 13 
’ " (= =) ( ) 


where Ry has the value 109,677.58 cm~‘ and 7 refers to wave numbers.* 

Now the visible lines in the spectrum of hydrogen had been measured 
accurately, and Balmer in 1885 pointed out that they could be repre- 
sented by an empirical formula equivalent to the following, 


L eel 
p= 4(5-5) (14) 


where ng is a whole number greater than 2 and A is a constant. It is 
obvious that equation 13 is the same as equation 14 and that it con- 
stitutes an excellent check on the theoretical calculations. In fact, the 
numerical value of R, expressed in eight significant figures, was obtained 
from exact spectral measurements rather than from equation 12, be- 
cause some of the constants in equation 12 are known only to one part 
in a thousand. 

It will be noticed in equation 14 that ne cannot be less than 2, for 
then 7 would be a meaningless negative number, and it cannot be 2, for 
then 7 becomes zero. As n2 becomes larger than 2, the corresponding 
value of # becomes larger, but, when ng is already large, further in- 
creases cause 7 to increase only very slightly, and, as ne approaches in- 
finity, # approaches +Rq. 


1 ; 
*5 = wave number =—— and gm =10~*% X wave length in A 
om 
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A few of the lines of the Balmer series as calculated by equation 13 
setting n, = 2 are given in Table I. 


TABLE I 


BALMER LINES IN THE HyDROGEN SPECTRUM 


n2 Veale. (vacuo) »; Acaic.* (vacuo) r, Aops.! (air) 
3 15, 233.02 6,564.75 6,562.8 
4 20,564.57 4,862.73 4,861.4 
5 23,032.33 4,341.72 4,340.5 
6 24 372.83 4,102.90 4,101.8 
10 x iat ee Ee De cacti text i 


1 Wave lengths are measured in air. Wave numbers 7 are the reciprocals of the 


wave lengths measured in vacuo. 
Le Wate 


Ayacuo Nair 


where n is the refractive index of air. Correction terms for converting gi, to 
vacuo are given at different wave lengths in the International Critical Tables, 
McGraw-Hill Book Co., New York, 1930, Vol. VII, page 5. 


The success of the Balmer formula led to further exploration, and 
Lyman found another series in the ultraviolet spectrum of hydrogen 
which is just as satisfactorily represented by formula 13, provided n, is 
given the value 1. Then mg has values 2, 3, 4, etc. The lines calculated 
from this formula are known as the Lyman series. The Paschen series 
occurs in the infrared, and these lines are accurately reproduced by 
formula 13 when n; = 3 and ng has values greater than 3. These series 
are represented diagrammatically in Fig. 131. Light is emitted when 
the electron returns from a level of high energy (large quantum number) 
indicated by a horizontal line to a level of lower energy. 

The connection between these energy levels and the actual lines in 
the spectrum may be seen by comparing Fig. 131 with the spectral 
lines in Fig. 132, which are adapted from an ultraviolet spectrogram of 
a star by R. H. Curtiss. The same sequence of lines is observed, con- 
verging to a limit. A much larger number of lines (35) has been observed 
in certain stars than in laboratory experiments, because the gas pressures 
are low, and there is more room for the large “orbits.” 

The continuous emission beyond the convergence limit of the lines 
shown in Fig. 132 is always present, and it is particularly significant. 
In the region where sharp lines are obtained definite quantum restric- 
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tions are involved, but, when the electron is driven out to an indefinitely 
great distance, the electron can take with it unquantized kinetic energy 
which can vary continuously in magnitude and, thus, give a continuous 
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Fig. 131 Energy levels of electron in the hydrogen atom, indicated by horizontal 
lines. 


range of frequencies. The convergence limit in the spectral series cor- 
responds then to complete separation of the electron, that is, to ioniza- 
tion. 

In this discussion the emission of light has been emphasized, but the 
absorption mechanism is the same except that the electrons are driven 
out to levels of higher energy by the absorp- 
tion of quanta of energy, whereas in emission Ma 
they fall back to levels of lower energy. 

Similar formulas have been developed for F'¢- 182. Spectral lines con- 
helium and the alkali metals and other ele- YoTeiné to a limit bey ond 

x : ‘ which there is continuous 
ments involving a single valence electron. emiesione 
Each element has a slightly different value 
of the Rydberg constant R. For helium it is 109,722.26. For the 
elements heavier than hydrogen and helium it is necessary to apply 
correcting terms, which become smaller as the quantum numbers 7» 
become larger. 
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Bohr’s formula was so successful in calculating the lines of the hydro- 
gen spectrum with exactness that the model on which it was based was 
generally accepted. The elliptical orbits seemed perfectly natural by 
analogy with the orbits of the planets, but, of course, it does not follow 
that, because a mechanism gives results which agree with experimental 
facts, the mechanism is proved. Still other mechanisms may give the 
same results. In this particular case the quantum numbers are im- 
portant, but they do not necessarily come from elliptical orbits. In fact, 
a more complicated mathematical model based on wave mechanics has 
now been devised which works just as well in predicting the positions of 
the lines and, in addition, gives the intensities of the lines and applies 
also to the elements heavier than hydrogen. The elliptical orbits then 
are not to be taken too literally. 

Quantum Numbers. The spectrum of atomic hydrogen can be inter- 
preted nicely by the simple Bohr formula making use of two numbers. 
Other spectra are much more complicated, and more quantum numbers 
are needed in calculating the spectral lines. It is found that many spec- 
tral lines have fine structure. With sufficient dispersion they are seen 
to give doublets, triplets, and so on. Furthermore, some of the lines are 
affected by a strong electrostatic field giving the Stark effect and by a 
magnetic field giving the Zeeman effect. In the more complex spectra 
some of the lines can be grouped together in overlapping series, depend- 
ing on their behavior and general appearance. Thus, one series of lines 
is characterized by having particularly sharp lines and another by hav- 
ing diffuse lines. The diffuseness is due to the fact that more lines are 
possible because of a greater variety of energy levels, and the many 
lines cannot be separated except by means of a spectroscope of high 
resolution. Several characteristic types of spectra have come to be 

recognized by spectroscopists, such as the principal (p), sharp (s), dif- 
fuse (d), fundamental (f). 

All these variations can be handled by using four quantum numbers. 
These numbers and their symbols which describe the state of an electron 
in an atom are as follows: 


nm = principal quantum number (or total quantum number) 
When n = ete: See: aes 


the corresponding symbols areK L M N O* 
* These letters refer to the shells of the outer electrons as described on page 666, 


K referring to the first electron shell outside the nucleus, L to the second, M to the 
third, ete. 


Cr 
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l = orbital quantum number 

| can have any integer value, except that it must be one or more 
units less than the principal quantum number, that is, it can 
never be greater than (n — 1). 
When | = NS Bs 
the corresponding symbols ares p d_ f. 

m, = magnetic quantum number 
m ; depends on / and may have any integral value between +1 
and —l, including zero. Therefore, 2/ + 1 values of m; are 
possible. 

ms; = electron quantum spin number 
Two values of ms; are possible, corresponding to two possible 
orientations of the spin vector s.* The quantum numbers can 
vary only by integers, and m, can have only the values +4 and 


) 


a 

Definite physical concepts, such as the spinning of the electron, were 
originally attributed to these different quantum numbers, but it is 
neither necessary nor profitable to attach definite mechanical or elec- 
trical significance to them. They may be considered merely as arbitrary 
numbers which serve to describe physical and chemical facts when they 
are substituted into mathematical formulas. 

Only those combinations of numbers are allowed which are in agree- 
ment with the restrictions just given. For example, if n = 3, | can be 
only 2, 1, or 0; and m; can be +2, +1, or 0; and m, can be only +4 or 

m 
—i. 

All the various combinations of the four quantum numbers, per- 
mitted by the restrictions just given, are recorded in Table IT. 

The total number of permissible combinations of the four quantum 
numbers is given in the last column of Table IJ. The recognition of these 
four quantum numbers has been a great aid in understanding many phys- 
ical and chemical phenomena, particularly through the application of the 
restriction to be described in the following section. 

The further application of these quantum numbers to describe com- 
plicated spectra is beyond the scope of this book. It may be stated, 
however, that the capital letters S, P, D, and F are used to designate 
electronic energy levels of atoms and that superscripts and subscripts 
such as 7D3 j2 are used to describe sub-levels. 


* The spin quantum number s, used as a subscript, is not to be confused with the 
orbital quantum number s. 
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TABLE II 
PossiBLE ConpItIons or ELEcTRONIC QUANTUM NUMBERS 
Total 
i Number of 
Prin- Orbital} Sub- Magnetic Spin me abe 
cipal | Group | Ki eren 
nN oS ak: l é Combina- 
| tions 
TE es) 0 (s) 0 sop eee 
2 | (L) 0 (s) 0 +3.>3 3|8 
1 1 
2 (L) - 1 ‘P) +10 -i 4+4—4 6 
3 (M) 0 (s) 0 4+i—1 9 
3 (M) 1 2) +10 -1 4+i—1 6 +18 
3 | (M) 2 d) +2 +10 —-1 -2 42-2) 10 
4 | (N) 0 (s) 0 aa cash Wee 
4 (N) 1 p) 7 0 =4 er eer 6 es 
£|Q) 2 d) +2 +10 -1 —2 +4—2] 10 
amin) 1 8 f) |4+8 +2 +10 -1 -2 -3]+3-4] 14 


Pauli’s Exclusion Principle. According to Pauli, two electrons in a 
single atom can never have all four quantum numbers the same. ‘This prin- 
ciple is a great help in explaining the spectral lines and the number of 
elements in the different groups of the periodic table. Referring to the 
last column in Table II, it may be seen that two different combinations 
of quantum numbers are possible for an s electron, six for a p electron, 
10 for ad electron, and so on. Now, by the Pauli principle, there can be 
only one kind of atom for each given combination of electronic quan- 
tum numbers. The different atoms have different combinations of 
quantum states. The sequence 2, 8, 18, 32, given in the last column of 
Table II, is related to the sequence in the number of elements found in 
the successive groups of the periodic table, as shown on page 665. 

Critical Potentials. When free electrons are passed through a gas at 
a low pressure, they must have certain velocities in order to be stopped, 
just as light must have certain frequencies in order to be absorbed by 
a given material. The energies of the electrons must correspond to 
definite energy transitions in the molecule, or there can be no inter- 
action. This is a fundamental postulate of the quantum theory. 

The apparatus shown in Fig. 133 is a simple one which permits the 
direct experimental measurement of critical potentials. A filament is 
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heated to emit electrons, and an adjustable potential E,; of several volts 
is applied between it and the grid G, the latter being charged positively. 
When the tube is thoroughly evacuated, the electrons coming from the 
filament are driven through spaces in the grid and across the tube to the 
plate P, whence they pass through the 

galvanometer to the ground. An op- a Cee 

posing potential E3 between the plate P 
and the grid Ge is increased until the 
electrons are barely able to reach the 
plate. A trace of gas, mercury vapor, 1Gi Ga: 
for example, is next admitted, and the 
slow-moving electrons suffer many elastic 
collisions with the molecules without loss 
of energy and they still reach the plate and are registered by the gal- 
vanometer. As the potential E; is increased gradually, the current 
through the galvanometer increases. Eventually, however, the current 
decreases suddenly because the electrons have acquired sufficient kinetic 
energy to cause a definite displacement of electrons from one energy 
level to a higher level, in the molecules of which the gas is composed. 
In these inelastic collisions the energy of the moving electron is all 
transferred to the molecules, and the electrons then do not retain 
sufficient velocity to reach the plate. As the potential is increased still 
further, the electrons acquire more energy, some of which is retained 
after collision. The subsequent 
collisions of these electrons with 
other molecules again become 
elastic, and the electrons reach 
the plate and register an in- 
creased current through the gal- 
vanometer. 

This process is continued as 
the potential is gradually in- 
creased until the electrons ac- 
quire kinetic energy sufficient to 
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Fie. 133. Apparatus for meas- 
uring critical potentials. 
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Fie. 134. Critical potentials in mercury 


vapor. 


abruptly as before. 


produce another displacement 
of the electron in the atom. 
Then the collisions become in- 
elastic and the current drops 


Several peaks corresponding to definite energy 


changes are observed. A curve of this type, in which electron current is 
plotted against the voltage, is shown in Fig. 134, where Einsporn’s data * 


* Kinsporn, Z. Physik, 5, 208 (1921). 
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on mercury vapor are given. The critical potentials are taken as the 
voltages at which the current first starts to decrease, but it is necessary 
to apply a correction to all the values shown in Fig. 134 because the 
electrons leave the filament with a definite kinetic energy, in this case 
amounting to 1.1 volts. The first critical potential then is 4.9 rather 
than 3.8. 

The second grid Gz and reversible potentials Zz and E3 are designed 
to distinguish between the two kinds of critical potentials, namely, 
ionization potentials and resonance potentials. 

An ionization potential is the voltage which gives to a free electron 
just sufficient energy to ionize the atom or molecule, that is, to drive an 
electron completely out, leaving a positive ion but without imparting 
any kinetic energy to the electron. Resonance potentials are potentials 
sufficiently great to cause the emission of light when the free electrons 
are stopped by collision. They involve the displacement of valence 
electrons to higher energy levels and their return to lower energy levels 
with the emission of light in accordance with equation 9. 

An obvious and simple relation among the electric energy, the kinetic 
energy, and the radiation energy is involved in these quantum changes, 
as given by the following equation, 


E'e = 4m” = hv (15) 


where ¢ is the charge on the electron in electrostatic units (4.80 X 1077°), 
m its mass, and v its velocity, and E’ is the potential drop in electrostatic 
volts through which the electron falls. All the quantities must be ex- 
pressed in the same cgs units. Since by definition voltage expressed in 
electrostatic units is 1/300 as great as voltage in absolute volts E 
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where n; and nz are the quantum numbers 1, 2, 3, 4, 5, ete. 
This equation is used in Table III to show the numerical relation be- 
tween spectral lines and critical potentials in the Lyman series of atomic 


hydrogen, where nj = 1. The constant 300Rhc/e has the value of 
13.539. 
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TABLE III 


SpPecTRAL LINES AND CrITICAL POTENTIALS IN THE LYMAN SERIES 


Quantum | Wave Length, | Wave Number, Volts, Volts, 
Number nz Aops. cuigs E cate. Eps. 
2 1215 82 , 258 10.154 10.15 
3 1026 97,491 12.034 12.05 
4 973 102,823 12.692 12.70 
5 950 105 , 291 Ca Oe ee 
6 938 106 ,631 13.161 USiailis 
7 931 107 , 440 13.262 13.27 
2 912 109,678 13.539 13.54 


The agreement between the calculated and observed voltages is ex- 
cellent, again strengthening the underlying quantum theory on which 
the calculations are based. In many cases it is possible to show the 
actual emission of light of the expected frequency by bombarding with 
electrons of the proper voltage, new spectral lines being brought in as 
the voltage is increased. 

Electron velocities and even spectral quantities are often expressed 
in terms of volts, calculated with the help of equation 18. The term volt 
when applied to energy quantities really means electron volt per elec- 
tron. The relation among electron volts, wave numbers, frequencies, 
angstrom units, and kilogram calories per mole is given graphically on 
page 599. sd 

A beam of electrons has many of the properties of a beam of light of 
extremely short wave lengths. Use has been made of this fact in deter- 
mining the structure of molecules (page 86) and in taking photo- 
micrographs of objects too small to be rendered visible with a microscope 
and ordinary light (page 530). 

The Photoelectric Effect. Light quanta can be emitted by bombard- 
ment with electrons as just shown, and it is to be expected that electrons 
can be emitted by bombardment with quanta of light. In 1887, Hertz 
discovered that, when a spark gap is exposed to ultraviolet radiation, 
the voltage necessary for the passage of a spark is appreciably lowered. 
This effect is due to the emission of electrons and the consequent ioniza- 
tion of the air between the terminals of the spark gap. A sheet of zinc 
acquires a positive charge when illuminated with ultraviolet light, owing 
to the emission of electrons. The ejection of electrons from a metal 
surface by means of light is known as the photoelectric effect. 
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This interesting effect has been utilized in the photoelectric cell, which 
is an extremely sensitive instrument for the detection and measurement 
of radiation. A diagram of such a cell is shown in Fig. 135. 

A receiver K is coated with a thin film of potassium or other metal in 
a highly evacuated tube. A wire W placed in the tube is connected 
with the receiver through a 100-volt battery B and a sensitive galva- 
nometer or electrometer G. The high vacuum of the tube serves as a 

complete insulator between W and K, 

but, when the receiver is exposed to 

light from the source S, electrons are 
ejected from the receiver and attracted 
to the positively charged wire, thus 
completing the circuit. The current 
registered by the galvanometer is di- 
rectly proportional to the number of 
electrons released per second, and this, 
in turn, is proportional to the number 
of photons striking the receiver, that 
is, to the intensity of the light. 

Although the electron current or the 
number of electrons per second depends 
Fie. 135. Principle ofthe photo. © the intensity of light, that is, the 

Blecicreell number of photons (quanta) striking 

the surface per second, the velocity or 

energy of the electrons driven out depends on the frequency of the 
light, according to the relation, 


dmv” = hv — hy = E'e (19) 
where m is the mass of the electron and v its velocity. The kinetic 
energy 3mv” of the escaping electron is equal to hv, the energy of the 
incident radiation, minus hyo, the energy required to bring the electron 
out to the surface of the metal. Planck’s constant h has the value 6.624 
X 107” erg-second; » is the frequency of the incident light, and v9 is a 
constant sometimes called the photoelectric threshold. 

The voltage £’ in electrostatic units is the potential difference neces- 
sary to retard the velocity of the electron to zero and prevent its escape. 
When multiplied by the charge on the electron (in electrostatic units), 
the energy is just equal to the kinetic energy of the electron expelled by 
the absorption of the light. 

When the maximum voltage E’ required to prevent the production of 
an electron current is plotted against the frequency » of the incident 
light, a straight line is obtained having a slope equal to h/e. This 


THE COMPTON EFFECT 581 


relation has been accurately checked with many different metals. The 
experimental determination of the slope offers one means of evaluating 
Planck’s constant h (in terms of e). 

The current in a photoelectric cell can be amplified readily, with the 
aid of ordinary electron tubes, to operate a relay, and the photoelectric 
cell is finding many important applications in automatic controls, safety 
devices, and laboratory appliances, as well as in television and motion 
pictures. 

New photoelectric cells of considerably greater sensitivity known as 
photomultiplier tubes are now available in which the electrons released 
by the light impinge under high voltage on a second photosensitive 
surface and there release additional electrons which in turn are 
multiplied on a third photosensitive surface. In this way just a few 
quanta can liberate many electrons and so give a large current to be 
measured. 

The Compton Effect. The photoelectric effect involves the complete 
absorption of a quantum, but it is possible also for a quantum to impart 
only a portion of its energy to an electron. This phenomenon in which 
the energy of the photon is reduced and the energy of the electron is in- 
creased is known as the Compton effect. The photon of light collides 
with an electron and leaves with a lower frequency, and the electron 
acquires a greater velocity. Compton * bombarded carbon and other 
light elements with short X rays and found, with the help of a crystal 
lattice and spectrometer, that part of the scattered radiation had a 
longer wave length than the incident radiation. 

This fundamental experiment, together with the realization that any 
physical measurement involves interaction with the measuring instru- 
ments, led Heisenberg ¢ through mathematical considerations to the 
principle of uncertainty. According to this principle, it will never be 
possible to know with exactness both the position and the momentum 
of an electron or other small particle. It is not a matter of physical im- 
perfections in the measuring apparatus but a fundamental limit of na- 
ture, according to which the error in measuring position multiplied by 
the error in measuring momentum is approximately of the order of 
Planck’s constant h. The position of an electron or atom may be known 
with exactness, but then its velocity is unknown; and in the same way 
the momentum can be known only at the sacrifice of information re- 
garding the position. 

The principle is of no importance in ordinary work, because the par- 
ticles involved are so large that the uncertainty is utterly negligible. 


* Compton, Phys. Rev., 21, 483 (1923). 
} Heisenberg, Z. Physik, 43, 172 (1927). 
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It does have an important bearing on philosophy,* however, for here- 
tofore it had been supposed that no theoretical limit was imposed on the 
precision of scientific measurements. 

The Raman Effect. A photon of radiation may undergo elastic 
collision with a molecule, in which case the scattered light has the same 
frequency as the incident light. It may be absorbed completely in pro- 
ducing heat or chemical reaction; or it may contribute part of its energy 
to displacements of the atoms within the molecule. These atomic dis- 
placements are quantized, that is, only certain displacements are pos- 
sible, corresponding to definite energy increments. Each of these quan- 
tized atomic displacements corresponds to a part of the infrared spec- 
trum. 

The Raman effect involves the collision of a photon with a molecule, 
under conditions such that there is an interchange of some of the energy 
of the photon. Part of the energy of the photon goes to displacing the 
atoms in the molecule, after which the molecule emits radiation and 
sinks to a lower energy level but not necessarily to the energy level which 
it possessed in the initial state. After such a collision the scattered radi- 
ation has a slightly different frequency from that of the incident radia- 
tion, and there is a change in the energy of atomic oscillation within the 
molecule. Such a collision of a photon with a molecule may then be 
represented by the equation 


hvincident — hVscatterea = Change in molecular energy = hypaman (20) 


The difference in wave number between the incident and the scattered 
light permits a direct calculation of the Raman shifts. These shifts are 
of the order of 100 to 4000 em, and many of them are equal to the wave 
numbers at which infrared-absorption bands occur. Usually, the fre- 
quency of the scattered light is less than that of the incident light, 
indicating that the quantum of radiation has given up a definite small 
part of its energy to produce interatomic motion within the molecule. 
It is possible, however, for a quantum of incident radiation to absorb 
a small quantum of energy from a molecule and leave with greater 
energy. In this case Pscattered IS greater than rincident by an amount equal 
to the energy taken, divided by h. 

Although the Raman lines may correspond to infrared lines, some- 
times they correspond to transitions which are not directly allowed ac- 
cording to the restrictions of the quantum theory, that is, to frequencies 
which do not occur in the ordinary absorption spectrum. Valuable in- 
formation concerning the nature of the spectrum can thus be obtained 
by combining data from both the Raman and the absorption spectra. 


* Bridgman, “The Logic of Modern Physics,” Macmillan Co., New York, 1927. 
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Although this effect had been predicted by the quantum theory, it 
remained for Raman * in 1928 to demonstrate that the scattered light 
does actually contain radiation of different frequency. The difficulty 
lay merely in giving long enough exposure to detect the feeble Raman 
lines which tend to be obliterated by light of the exciting frequency. 
The material is placed in front of a spectrograph slit and illuminated 
for a long exposure with a mercury-vapor lamp (using light filters), as 
shown in Fig. 136. 

Light-scattering 

Liquid 
Cooling Jacket 
{ 


Giawag ) eS 
Mercury Vapor Lamp Spectrograph P hotographic 
late 


Fig. 136. Apparatus for obtaining Raman spectra. 


In Fig. 137 is shown a Raman spectrum of carbon tetrachloride ob- 
tained by Professor Paul Bender of the University of Wisconsin. The 
uppermost spectrum at A gives the standard spectrum of the mercury 
arc. At B a short exposure brings out three Raman lines clearly visible 
in the original spectrum plate. In a longer exposure at C there are four 
Raman lines on the long-wave-length side and three weaker Raman lines 
on the short-wave-length side. The former are known as Stokes lines; 
the latter, which involve less probable transfers of energy from excited 
states, are known as anti-Stokes lines. The mercury lines other than 
4358 A have been filtered out except for two persistent lines showing at 
the left in the long exposure. At D is shown a photoelectric record 
of the Raman spectrum.} The prominent mercury line at 4358 A is so 
intense that the amplifier had to be made less sensitive to give a good 
record, as shown in the lower peak. 

Raman spectra have been measured for a great many organic and in- 
organic compounds and complete reviews are available.{ They are 


* Raman, Indian J. Phys., 2, 387 (1928). 

+ Chien and Bender, J. Chem. Phys., 15, 376 (1947). 

t Hibben, Raman Spectra in Inorganic Chemistry, Chem. Rev., 13, 345-478 (1933); 
Raman Spectra in Organic Chemistry, Chem. Rev., 18, 1-232 (1936); “The Raman 
Effect and Its Chemical Effects,” Reinhold Publishing Corp., New York, 1939; 
Glockler, The Raman Effect, Rev. Mod. Phys., 15, 112-171 (1943); Fenske, Braun, 
Wiegand, Quiggle, McCormick, and Rank, Raman Spectra of Hydrocarbons, Anal. 
Chem., 19, 700-766 (1947). 
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Fig. 137. Raman spectrum of carbon tetrachloride. 


A. Mercury are. Lines are given in angstroms. 

B. Raman spectrum of CCl, with filter that transmits 4358 A. 
C. Same as B with longer exposure (3 minutes) 

D. Photoelectric recording of Raman spectrum of CCl. 


a = 4399; b = 4418; c = 4446; d = 4507 and 4513; e = 4670 A. 


helpful in interpreting molecular structure and they are useful in ana- 
lytical problems. 

Band Spectroscopy. So many important subjects, including heats of 
dissociation, specific heats, entropies, atomic vibrations, internuclear 
distances, intermediate compounds, and isotopes, can now be studied 
with the aid of band spectra that a further discussion seems justified, 
although a quantitative treatment is beyond the scope of this book. 

A diatomic molecule of two spheres held together can be rotated by 
the absorption of small amounts of energy, corresponding to radiation 
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Infrared absorption spectrum of some organic bromides* from 13 to 19 yet 


Fia. 138. Examples of infrared spectra. 


in the far infrared. This rotation is quantized, and only definite amounts 
of energy can be added corresponding to 1, 2, 3, 4, etc., quanta of small 
energy. 

The atoms within the molecule can vibrate, and this motion requires 
larger amounts of energy giving absorption in the near infrared as shown 
in Fig. 138. A diatomic molecule can rotate at the same time that two 


* For the spectrum of ethyl bromide the ordinates at the right are used. 
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atoms are oscillating with respect to each other, and, if the molecule has 
an electric moment, it can be shown that the molecule will absorb fre- 
quencies of v, + v;, where vy is the frequency of vibration and », is the 
frequency of rotation. When v, = 0, the absorption is slight. A series 
of absorption lines is obtained by adding terms with quantum numbers 
of rotation 1, 2, 3, 4, etc., and a second series of lines is obtained by sub- 
tracting them. These two branches have maxima as indicated in the 
top figure of Fig. 138. The distance between these maxima permits a 
calculation of the distance between the atomic nuclei in the molecule. 

The bands recur at definite intervals (1.75 and 3.74 in HCl) which 
are governed by the integer multiples so common in quantum phenom- 
ena, except that small correcting terms are usually necessary. Under 
high dispersion the fine structure of the bands due to quantized rotation 
superimposed on vibration is apparent as shown in the center of Fig. 
138. 

Even in polyatomic molecules a given infrared band can sometimes 
be attributed to the vibration of a definite atom pair. In the lowest 
spectrum of Fig. 138, for example, the C—Br atom pair in several dif- 
ferent organic bromides absorbs some of the radiation between 14 and 
18p. 

These rotation—vibration spectra are often superimposed, with some 
distortion, on spectra caused by electron displacements, giving band 
spectra in the visible and ultraviolet. The lines of the band due to 
changes in the energy of rotation come closer and closer together, form- 
ing the head of a band. 

In Fig. 139 is shown a band spectrum obtained in the absorption of 
indium chloride vapor by Froslie and Winans * of the University of 


Fa. 189. Absorption spectrum of indium chloride vapor showing bands. 


Wisconsin, using a 21-ft grating spectrograph. The original spectrogram 
shows a system of nearly equally spaced bands with alternate bands 
showing rotational structure and the others showing no rotational struc- 
ture. 


* Froslie and Winans, Phys. Rev., 72, 481 (1947). 
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The analysis of band spectra offers a powerful means for identifying 
materials, either in emission spectra or absorption spectra. 

Sometimes a spectrum has a number of discrete lines adjacent to a 
region of continuous absorption with a definite line of demarkation be- 
tween the two. From the wave length of this edge of the continuous 
spectrum it is possible to calculate the energy of dissociation of the mole- 
cule. Absorption spectra are discontinuous when the molecules are 
excited because the absorption is governed by quantum restrictions. 
However, when a molecule is dissociated, giving normal atoms, excited 
atoms, or ions, the fragments are given a certain amount of kinetic energy 
which is not quantized. There are no limi- 
tations on the amount of energy which can 
then be utilized, and radiation of all wave 
lengths in the region is absorbed. 

Accordingly, when the energy becomes i 
great enough (the wave lengths are short pig 449. AGeorpton tance 
enough) to cause dissociation, the absorption trum showing converging dis- 
becomes continuous. These phenomena are crete lines due to displace- 
indicated in Fig. 140 where typical discrete ment of electrons in the mole- 
lines corresponding to excitation are sketched cules and continuous absorp- 

, ; : tion involving the dissociation 
at the right, heading into a band of con- hehe eolecald 
tinuous absorption at the left, corresponding 
to dissociation. The numbers refer to quantum numbers in the dis- 
continuous spectrum. Just as the long-wave-length limit of continuous 
absorption in Fig. 132 permitted calculation of the energy of ionization 
of atoms, so also the long-wave-length limit of continuous absorption in 
band spectra permits a calculation of the energy of dissociation of the 
molecule. These calculations may be illustrated in the case of chlorine, 
which dissociates into one normal atom and one excited atom. The 
continuous absorption, beginning at the convergence of the discontinuous 
lines, occurs at 4785 A, which is equivalent to 59,400 cal per mole. The 
extra energy of excitation of the atom corresponds to 2500 cal as de- 
termined spectroscopically. The difference, 56,900 cal, is the energy 
required to disrupt the molecule, whereas direct thermal measurements 
give 57,000. 

Energy of Dissociation. Dissociation energies can be obtained also 
from potential-energy curves * similar to the curve shown in Fig. 141 for 
hydrogen bromide. In most chemical substances the atomic nuclei 
repel each other at very close distances and attract each other at large 
distances, but the attraction becomes less as the distance becomes very 
great, and it is obvious that there must be a minimum somewhere in the 


* Franck, Z. Physik, 31, 411 (1925). 
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potential-energy curve. This minimum corresponds to the most stable 
condition of the molecule, and, although the atoms oscillate back and 
forth in the molecule, they tend to keep this average distance cor- 
responding to the minimum point. 

The exact shapes of the curves ordinarily are not known, but some- 
times they can be determined from the data of band spectroscopy. They 
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Fig. 141. Energy of HBr molecule as a function of interatomic distance. 


can be calculated with the empirical formula developed by Morse * 
E = Di (e299 ope re) (21) 


where 79 is the distance separating the atoms in the normal molecule as 
determined from X-ray or electron diffraction measurements, and D’ is 
the energy of dissociation, as determined from spectroscopy or calori- 
metric measurements, plus the small zero-point energy. The zero-point 
energy is the half quantum of vibrational energy which the atom pair 
still possesses at absolute zero. The total energy of a linear harmonic 
oscillator is (n + 3)hv where n is an integer (vibrational quantum num- 
ber) and, since energy can be lost only as whole quanta, $hvp remains, 
even at absolute zero where n = 0. The constant a depends on the 
normal vibration frequency of the atoms as determined from infrared- 


* A discussion of this formula and others for calculating energies of diatomic 
molecules is given by Hirschfelder and Hulburt, J. Chem. Phys., 9, 61 (1941). 
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absorption measurements or Raman spectra and on the atomic masses. 
When these quantities are known, the energy H of the atom pair can be 
plotted against the distance r which separates the atoms. A Morse 
curve is shown for the hydrogen bromide molecule in Fig. 141 in which 
ro = 1.41 A, a = 1.82 and D’ = —90.0 kcal, where H = 0 at complete 
separation. 

Quantum Mechanics. The quantum theory is largely a theory of 
restrictions, and these restrictions have been determined empirically 
from laboratory measurements. Considerable attention was paid, 
therefore, to finding a theoretical foundation for these restrictions; 
Heisenberg and Born devised a theory based on matrix calculus and 
probabilities; De Broglie and Schrédinger developed a theory based on 
differential equations applied to waves; and Dirac embraced both in 
general terms with a new system of mathematics. Heisenberg’s treat- 
ment and Schrédinger’s treatment are both aspects of the same under- 
lying principle, and from both the restrictions of the quantum theory 
come out automatically as mathematical necessities. 

The Schrédinger wave equation for a simple particle is 


yp dp day B8r2m 

Crary ae ns h See dais (22) 
where m = mass of particle, Vz,,,, is its potential energy in a field of 
force, and £ is its total energy, a constant. The quantity y is called 
the ‘wave function” because in many problems it exhibits a wavelike 
series of maxima and minima. Where | y ? is large, there is a large 
concentration of electrons; in general, | y |? determines the probability 
of an electron being in a specified region. When sufficient. information 
is available, y can be determined by solving the differential equation 22. 
The wave function is usually continuous, single-valued, and finite; and 
zero at infinite distance. Solutions which meet these requirements are 
possible only when £ is given certain characteristic values, and the cor- 
responding solutions of y are called characteristic solutions. 

These characteristic values give the stationary states of the Bohr 
atomic model, and, thus, the quantized energy levels come automatically 
from the Schrodinger wave equation. 

Quantum mechanics is much superior to the older theories because, 
in addition to accomplishing all that they accomplished, it solves more 
complicated problems and in many cases gives better agreement with 
experiment. It has led to many new advances, only two of which are 
mentioned here. 

On the basis of the wave equations, electrons as well as radiation 
may be considered as waves. Davisson and Germer showed in 1924 
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that streams of electrons do have properties attributed to waves and 
like X rays may be refracted by a single crystal and that the wave 
lengths depend on the voltage in agreement with theoretical calculations. 
There is evidence that beams of protons and of neutrons (page 660) have 
certain properties of waves and give diffraction patterns with a crystal 
lattice. It appears then that matter, electricity, and radiation are com- 
posed of discrete particles—atoms, electrons, and photons. However, 
in all three cases a group of these particles taken together may exhibit 
the properties of waves. 

One of the most striking achievements of quantum mechanics was the 
prediction that hydrogen should exist in two different forms, which are 
now called ortho- and para-hydrogen. It was predicted that the space 
wave functions of diatomic molecules with like nuclei can be either 
symmetric or antisymmetric, depending on the spins of the nuclei. Evi- 
dence for the two forms was found in band spectra, where alternate lines 
were missing or very weak, and in the abnormal specific heats of hy- 
drogen at low temperatures. 

Bonhoeffer and Harteck * succeeded in separating these two forms 
and in demonstrating the difference in specific heat and other proper- 
ties. At room temperature ordinary hydrogen is a mixture of three parts 
of ortho-hydrogen (antisymmetric type) and one part of para-hydrogen 
(symmetric type); at the temperature of liquid air the equilibrium is 
approximately 1 to 1, and at the temperature of liquid hydrogen the 
ortho-hydrogen is not stable and goes almost entirely into the para- or 
symmetric form, when catalyzed with charcoal. 
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PROBLEMS 


1. A hollow box, with an opening of 1 sq em area, is heated electrically. 
(a) What is the total energy emitted per second at 800° K? 
(b) How much energy is emitted per second if the temperature is 1600° K? 


* Bonhoeffer and Harteck, Z. physik. Chem., 48, 113 (1929). 


PROBLEMS 591 


(c) How long would it take the radiant energy emitted at this temperature, 
1600° K, to melt 1000 g of ice? 
Ans. (a) 2.34 X 10’ ergs centimeter~? second™!; 
(b) 3.74 X 108 ergs centimeter~” second}; 
(c) 8950 second. 
2. Add 1.1 volt to values given in Fig. 134, and compare some of them with mul- 
tiples of 4.9. (Other peaks involve multiples or combinations of a potential at 6.7.) 
Ans. 4.9; 9.8; 14.7. 
3. Calculate the velocity of an electron which has been accelerated by a potential 
of 1.00 volt. The mass of an electron at rest is 9 X 1078 g. 
Ans. 5.96 X 10" centimeters second}. 
4. The mass m of a body moving with velocities approaching that of light is 
related to the mass m> when the body is at rest by the following equation based on 
the theory of relativity e 
oO 


Lh tere meee 
v\2 
Vi- (3 
c 
where v is the velocity of the body and ¢ is the velocity of light. The rate of change 
in kinetic energy H# of a moving body is the rate of change in momentum multiplied 
by the velocity. Prove that dH = c’dm. It was shown by Einstein in 1906 that, 
in general, EH = mc’. 
5. Calculate (a) the wave length of the first two lines of the Lyman series; (6) the 
wave length of the first line of the Paschen series. 
Ans. (a) 1216; 1024 A. (6) 19,000 A. 
6. What is the wave length of light emitted when electrons are stopped after 
falling through a potential of (a) 400 volts? (6) 3 volts? 
Ans. (a) 30.8 A. (6) 4112 A. 
7. An experiment on the emission of photoelectrons from a sodium surface by 
light of different wave lengths gave the following values for the potentials at which 
the photoelectric current was reduced to zero: 


A E (volts) 
5461 —2.045 
4339 —1.488 
4047 —1.295 
3651 —0.914 
3125 —0.382 
2535 +0.52 


Plot voltage against frequency, and determine Planck’s constant from the slope of 
the line. 


8. If 10,000 cal are lost per minute by radiation from the door of an electrically 
heated furnace at 900°, how many more watts of electricity must be applied to offset 
the losses due to radiation if the furnace is heated to 1100°? 

9. Absorption by the fundamental vibration of the hydrochloric acid molecule 
occurs at 3.64y. 

(a) What is the frequency of light of this wave length? 
(b) What is the energy of one quantum of light of this wave length? 
(c) What is the value of this wave length in terms of electron volts? 
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10. Caleulate the value of the Rydberg constant R and the constant 300Rhc/e 
for hydrogen, and compare it with the experimentally determined value. 

11. There is a Brackett series in the hydrogen spectrum where n; = 4. Calculate 
the wave lengths, in angstroms, of the first two lines of this series. 

12. Electrons are accelerated by 100,000 volts in an X-ray tube. To what wave 
length in angstroms does this energy correspond, when converted into radiation? 

13. (a) Prepare a rough calibration chart for the spectrograph used in obtaining 
Fig. 137. Plot wave lengths of the mercury arc given in spectrum A against a linear 
scale starting at 4047 A. 

(b) Estimate the wave lengths of the anti-Stokes lines at the left in Fig. 1387C 
by interpolation on this calibration curve. 

(c) Calculate these anti-Stokes lines exactly from the data for the Stokes lines 
given in Fig. 137D. 


14. An electric heater of 10 sq cm is heated to 800°. How many calories of radiant 
heat is emitted per minute, if a perfect radiator is assumed? 

15. Calculate the frequency and the wave length of the sixth line in the Balmer 
series of hydrogen for which the electron falls from the eighth quantum level to the 
second. 

16. Calculate the frequency and the wave length in angstroms for the line in the 
Paschen series of the hydrogen spectrum which is due to a transition from the sixth 
quantum level to the third. 

17. (a) Calculate the velocity of an electron which has been accelerated in an 
X-ray tube by a voltage of 100,000 volts. The rest mass of an electronis9 XK 107° g. 

(b) Calculate the mass of the electron moving with this velocity using the formula 
given in Problem 4. 

18. Calculate the wave lengths in angstroms of infrared bands which correspond 
to the Raman lines recorded at a, b, and e in Fig. 137D. 

Some Raman lines appear in the Raman spectra which are not present in the 
infrared on account of restrictions which apply to the molecules in their ground state. 

19. Calculate the necessary data, and plot a Morse curve for hydrobromic acid 
as shown in Fig. 141. 

20. Calculate the Morse curve for bromine. With reference to equation 21 
on page 588, D’ = 45.69 kcal; a = 1.98, and rp = 2.28 A. 

21. The vibrational frequency V of a simple harmonic oscillator is given by 


i : : 
V= ae Vi, where f is the force of restitution on the vibrating particles and yu 
ie fh 


is the reduced mass of the system. For a ‘“dumbbell-shaped” diatomic molecule 


1 1 1 
— = + wo where m , and mg are the masses of the individual atoms. The fun- 
B 1 2 


damental frequency of the HCl*®* molecule occurs at 3.644. What would be the 
separation in angstroms between the fundamental vibrations for HCI®® and HCl” 
if the forces of restitution are assumed the same in both cases? Between DC]® and 
DCI? (The fundamental frequency of DCI* is at 4.8y.) 


CHAPTER XX 
PHOTOCHEMISTRY 


Collisions between Molecules and Photons. Photochemistry com- 
prises the study of chemical reactions produced directly or indirectly 
by means of radiation. It was shown on page 368 that molecular colli- 
sion is the cause of ordinary chemical reactions. Only those molecules 
which contain an abnormal amount of energy can effect chemical reac- 
tion, and only a few molecules can obtain this energy from collision if 
the activation energy is large and 
the temperature is low. Reactions 
of this type are necessarily slow. 

It is possible, however, to ac- 
tivate molecules with an external 
source of energy, as, for example, 
by introducing a beam of light 
having the proper frequency to be 
absorbed and a sufficient quantity 
of energy in each photon to effect 
the reaction. The underlying photo- 
chemical reactions induced by en- 
ergy from an outside source is sug- 
gested in Fig. 142. The full line Iie. 142. Distribution of energy 
represents the distribution of energy ®™ong molecules. The dotted line 
among a group of molecules due to shows how the absorption of light from 

eae eto an an external source can increase greatly 
random collisions from heat, similar 4. number of mole culoetof high costes 
to that shown in Fig. 96 on page and produce photochemical reactions. 
368. The number of molecules 
with high energy (at the right) sufficient for chemical reaction is small. 
The dotted line represents the situation when a large number of energy- 
rich molecules are produced by introducing a beam of light of the 
proper frequency. It is clear that the intensity of light introduced 
does not depend on the temperature of the reaction vessel. Accord- 
ingly, the primary process of photoactivation has a very low tempera- 
ture coefficient in contradistinction to the large temperature coefficient 
of thermal reactions. If the over-all photochemical reaction has a large 
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temperature coefficient, it may be concluded that an ordinary thermal 
reaction is the rate-determining step. 

A photon of radiation is a unit of radiation which possesses one quan- 
tum of energy. Frequently, however, the term quantum is used inter- 
changeably with the term photon. 

When a photon of radiation comes close to a molecule, several different 
things may happen. If there is no possible electronic, atomic, or molec- 
ular change that can use the exact amount of energy contained in the 
photon of radiation, there will be no interaction and no chemical or 
physical change. However, if there is within the molecule some change 
which is not in conflict with the quantum restrictions and which cor- 
responds to the energy of the photon, there may be a transfer of energy, 
and the photon is “absorbed.”’ After a molecule has received this 
energy, it may give it up on collision with other molecules, thus increas- 
ing their kinetic energy. The total effect is thus a conversion of radiant 
energy into thermal energy and the raising of the temperature. This is 
the most common effect of the absorption of radiation. 

The energy of a quantum may be transformed in several different 
ways summarized as follows: 

1. Heat. The temperature of the absorbing system is raised. 

2. Dissociation. The molecule undergoes a chemical breakdown. 

3. Excited molecule. The molecule retains its energy until it can be 
used chemically (a) by combination with some other molecule or (6) by 
transferring its energy to another molecule which in turn utilizes the 
energy to produce chemical change. 

4. Dissociation and excitation. One of the dissociated fragments is 
excited. 

5. Ionization. The electron is driven out of the molecule leaving a 
positively charged ion. 

6. Fluorescence. 'The excited molecule immediately reradiates part of 
the energy at a different wave length, as the electron returns to a lower 
energy level. If there is a time lag in this reradiation, the phenomenon 
is known as phosphorescence. 

7. Physical interaction. The quantum of radiation is not absorbed 
and re-emitted, but rather it imparts some of its energy (a) to an elec- 
tron as observed in the Compton effect or (6) to atomic or molecular 
action as observed in the Raman effect. 

Types of Spectra. The absorption spectrum of a substance gives val- 
uable information concerning the initial step, or the primary process, 
involved in any possible photochemical reaction. A molecule may be 
excited in several different ways, depending on the frequency of radia- 
tion absorbed. These different methods of absorbing radiation in the 
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different parts of the spectrum and the energies involved are summa- 
rized in Fig. 143. 

In the upper half of the figure are given the general types of spectra 
together with the wave-length regions and the energy of the radiation 
in calories per mole. In the lower part is given a crude representa- 
tion of what happens when the radiation is absorbed. The black dots 
represent electrons, and the larger circles represent atoms in the mol- 
ecule. The same general considerations apply to polyatomic as well as 
to diatomic molecules. All the intramolecular changes involve definite 
energy increments which are governed by the quantum theory. 


Wave Length A; 2,000 4,000 8,000 200,000 (20) 


X-Rays Ultra] Violet Visible Near Infrared Far Infrared Kinetic 


Calories per Mole, 142,000 71,000 35,000 1,400 (1,000) 


G0" Os0™" Oro O10" Or0 
Fig. 143. Schematic representation of different types of spectra showing wave- 


length ranges and energy ranges in which they occur, and the corresponding elec- 
tronic, vibrational, and rotational motions. 


Absorption in the far infrared causes the molecule to rotate as indi- 
cated by the curved arrow at the right. The energy involved in these 
operations is of the order of a thousand calories per mole. 

This is the only operation which can be carried out with energies of 
this magnitude, and so there are definite lines corresponding to quan- 
tum numbers. Absorption in the near infrared displaces atoms from 
their normal positions and causes them to oscillate back and forth or to 
move sidewise with a swinging motion within the molecule. These 
operations involve energies between about 1000 and 30,000 to 40,000 
cal. The rotations, involving small energies, are superimposed on the 
atomic displacements, giving rise to absorption bands. ‘The intra- 
molecular changes can be combined so as to give harmonics absorbing 
approximately two or three or more times as much energy as the energy 
of the fundamental absorption band and causing absorption bands at 
roughly one-half and one-third the wave length. The probability of 
absorbing energy corresponding to two or three or more quanta is less 
than the probability of absorbing one, and so the fundamental band 
(the one-quantum operation) is the most prominent, and the absorp- 
tion becomes progressively less intense at the higher harmonics. This 
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decrease in intensity at the shorter wave lengths is represented diagram- 
matically by reducing the height of the bands. 

In the visible and ultraviolet region of the spectrum the absorp- 
tion consists in displacing an outer electron in the molecule. The 
only difference between the ultraviolet and visible spectra is that 
greater energies and larger displacements are involved in the ultra- 
violet. absorption—35,000 to 71,000 cal per mole being required for 
absorption in the visible region and 71,000 to several hundred thousand 
for absorption in the ultraviolet. 

Sometimes the energy of the ultraviolet is sufficient not only to dis- 
place the electron within the molecule but also to drive it entirely out 
of the molecule, thus producing ionization. In the visible and ultra- 
violet regions of the spectrum series of bands may be obtained by com- 
bining the energies of the three quantum-restricted operations—electron 
displacement, atomic displacement, and molecular rotation. 

In the X-ray region of very short wave lengths (about 1 A), the elec- 
trons deep inside the atom nearest the nucleus are displaced. Energies 
of millions of calories per mole are required for these displacements. 

If the energies of radiation or of suitable projectiles, such as alpha 
particles, are increased to a still greater order of magnitude (around 
10° cal per mole), it is then possible to affect the nucleus of atoms and 
produce the transmutation of elements. 

The various absorption spectra, produced by the displacements in- 
dicated in Fig. 143, are usually the same as the emission spectra pro- 
duced when the electrons or atoms return to their normal positions, or 
when the molecules are caused to rotate by collisions or other means. 

At the extreme right of Fig. 143 is given for comparison the order 
of magnitude of the average kinetic energy of molecular translation 
3(RT), a few hundred calories. 

It was emphasized on page 370 that although the average kinetic 
energy may be only a few hundred calories per mole there are, neverthe- 
less, a few molecules which have much greater energies that are sufficient 
to account for ordinary chemical reactions. 

The energies required for most chemical reactions range from about 
10,000 to 100,000 cal. It is evident then that the longer infrared radia- 
tion is powerless to produce chemical reaction and that X rays contain 
so much energy that they are more likely to accomplish chemical reac- 
tions through secondary effects. Visible light and particularly ultra- 
violet light are, then, of chief interest in photochemistry. 

Laws of Photochemistry. Only that radiation which is absorbed can 
produce chemical change. As Grotthus pointed out in 1818, there cannot 
be photochemical reaction unless the radiation is absorbed. However, 
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it does not follow that absorbed radiation must produce chemical reac- 
tion—more often it is converted into heat. 

Einstein’s law of photochemistry is important in the theoretical inter- 
pretation of photochemical reactions. According to this law, in the 
primary photochemical process each molecule is activated by the absorption 
of one photon. 

In this simple primary process, then, we should find that the number 
of molecules activated is exactly equivalent to the number of quanta 
absorbed, and for a gram molecule of 6.02 X 107° molecules there 
should be 6.02 X 107? quanta absorbed. This “gram molecule” of 
quanta has been called the “einstein,” just as a gram equivalent of 
electrons (6.02 X 107° electrons or 96,500 coulombs) is called the 
faraday. 

It must be strongly emphasized that the Einstein law is usually 
masked by secondary reactions and complicating circumstances which 
prevent a simple 1 to 1 relationship between the number of quanta ab- 
sorbed and the number of molecules of final products in the reaction. 
Most investigators are inclined to accept the law as applied to the 
primary process and to look for the complicating circumstances which 
are peculiar to each particular reaction. Sometimes the activation 
process is followed by a simple stoichiometric reaction which gives some 
simple number, such as 2 molecules per quantum, or by a series of re- 
peated reactions giving rise to a chain reaction. On the other hand, the 
activated molecules may be partially deactivated by collisions or by 
fluorescence or by internal rearrangements and loss as heat. Again, 
dissociated fragments resulting from the excitation may recombine so 
as to give low apparent yields. The quantum yield ® is given by the 
expression 

number of molecules reacting chemically 


6 = (1) 


number of quanta absorbed 


The quantum yield provides a very convenient and significant means 
for describing the experimental facts and offers valuable information for 
drawing conclusions regarding the mechanism of the reaction. 

It will be remembered that the energy in one quantum of radiation 
is given by the fundamental quantum relation: 


e = hy (2) 


The energy per eznstein, that is, per mole of photons, is obtained by 
multiplying this equation by the Avogadro number N: 


Ne = Nhy = 6.02 X 1077 X 6.62 X 10-7 (3) 
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The frequency of radiation »v is related to the wave length A and the 
velocity of light ¢ (3 X 10° cm sec~*) by the relation, 


c 
r 


v= 


(4) 


Example 1. (a) Calculate the frequency of ultraviolet light, having a wave 
length of 3000 A. 
¢ 3.00 X 10 _ 3.00 x 10” 


yp — 


= 15 =) | 
x BOOUISS 108 = ate CRO ee 


(b) Calculate the wave length in centimeters and the wave number ?# of light 
which has a wave length of 3000 A 


3000 A = 3000 X 10~-* = 3.00 K 107° em 


lives 1 
Ne 800 310 


i = 33,333 wave numbers 


(c) Calculate the energy in ergs per quantum and calories per ‘mole’ in 
radiation of this frequency: 


e = hy = 6.62 X 107-7" x 1 X 10% = 6.62 X 10—” erg per quantum 


3.98 < 10 


mi 1022 SS Orn 
Nhy = 3.98 X 10” ergs per mole = 7725-97 


= 95,300 cal per mole 
(d) Calculate the energy in electron volts per molecule which corresponds 
to a wave length of 3000 A or an energy of 6.62 X 10~ erg per quantum. 


1 absolute electron volt = 1.602 * 10—” erg 


6.62 X 10~” 


7.602 X 10-" = 4.13 electron volts per molecule 


The energy associated with quanta of typical wave lengths is given in 
Table I. 

The graphs given in Figs. 144 and 145 are convenient for the con- 
version of radiation units. 

In Fig. 144 kilocalories per mole are plotted against wave lengths in 
angstroms on the upper curved line and against frequencies v or wave 
numbers 7 on the upper straight line. For example, 4000 A intersects 
the kilocalorie curve at 71,000 (in agreement with Table I) and the volt 
curve at 3 volts. Again, a frequency v of 12 X 10'* or a wave number 
of 40,000 corresponds to 116 keal, or to 5 volts. It is possible to convert 
angstroms to frequencies or kilocalories to volts by shifting from one 
curve to the other. Thus, the intersection on v of 12 X 10'* gives 116 
kcal, and passing to the curve on the left 116 keal corresponds to a little 
less than 2500 A. 
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TABLE I 


ENERGY OF DIFFERENT RADIATIONS 
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Wave Wave Wave TR Seat Energy of 1 | Energy of 1 | Electron 
Length, Number, Length, “ Ys Description quantum hy einstein in volts 
em p A is in ergs cal per mole | per electron 
10 2 10? 1,000,000 }3 X10!”|Farinfrared | 1.99 x 10 14 286 0.01 
10m° 108 100,000 }3 +X 10!3| Infrared 1299><10="° 2,860 0.12 
10 104 10,000 |3 > 10!4| Near infrared | 1.99 x 10-12 28, 600 1.24 
8.0 10° | 1.25 x 104 8,000 | 3.75 X 1014] Edge of visible | 2.48 x 10 12 35, 700 1.55 
7.0X10-° | 1.43 x 104 7,000 | 4.29 X 10!4| Red 2.84 X 10°12 40, 900 ie 
6.0 10° | 1.67 x 104 6,000 | 5.00 X 10!*| Yellow Basie 10m 47,600 2.07 
BeOPS 10m 2) Se t02 5,000 | 6.00 X 10!4| Blue Batis Se 56, 900 2.48 
4.0X10-° | 2.50 x 104 4,000 |7.5 X 10!4| Edge of visible | 4.97 X 10° 71,500 3.10 
Si SC | ESERIS< sO 3,000 }1 101°} Ultraviolet 6.62 X 10-1? 95, 300 4.14 
oF Seite 5.00 X 104 2,000 | 1.5 X 1015] Ultraviolet 9.93 X 10-12 | 143,000 6.20 
te clOmoet te S162 1,000 |}3  10!>| Ultraviolet 1.99 101! | 286,000 12.4 
1 alone sat | 5108 1/3 x 1018} X rays 1.99 10-8 | 2.86 x 108 | 12,400 
i Site ak | SSP 0.1 3 xX 10!9| + rays 1.99 10-7 | 2.86 xX 109 | 124,000 
1 Sear ES) 3 xX 102°] > rays 1.99 10-® | 2.86 x 10!°| 1.24 x 108 
tr 10m 1084) 08008 3/3; <1074 1.99 10-* | 2.86 x 10!1]12.4 x 106 
ey’ v_ 4x10" 8x10" 12x10" 16x10" 20x10" 24x10" 28x10"* 32x10"* 36x10™ 
mr 4 
Wave number vU 12x/10 
crim! 
sige SCF ei ht i a fe Wn eA 
u mean AG 
| Abaca 
240 ey & 12 
ae 
i) 
oS 200 10 
& 
oy 
160 IS 
a5) ° 
B > 
"S 120 6 
mo} 
a 
80 4 
eal WA 
i 
1000 2000 mn 4000 5000 6000 7000 8000 9000 70000 
Wave length in Angstroms 
Fra. 144. Graphs for conyerting units of radiation into other units 
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The scale shown in Fig. 145 is useful for infrared spectroscopy. It 
enables one to convert wave lengths in angstroms or in microns directly 
into kilocalories, using the upper curve, or into wave numbers, using 
the lower curve. 


8 8 


- —-§ DO W 
na oS > 


Wave number Vv 


Kilogram calories per mole (keal) 


co *_» oC 


20000 30000 40000 50000 60000 70000 80000 90000 100000 A 
1 2 3 4 5 6 7 8 9 10 4 
Wave length in Angstroms or in // 


Fria. 145. Graphs for converting units of infrared radiation into other units. 


Experimental Procedure.* In quantitative photochemical investiga- 
tions it is usually important to use nearly monochromatic light of 
measured intensity. 

The intensity of radiation is measured with a prune Ys which con- 
sists of a series of junctions of unlike metals, such as bismuth and silver 
or copper and constantan connected to a galvanometer. Alternate 
junctions are heated by exposure to the radiation, and the galvanometer 
deflections are proportional to the intensities of radiation. The junc- 
tions are covered with blackened metal strips of very low heat capacity, 
which convert radiation of all wave lengths directly into heat. The 
galvanometer readings may be converted into ergs of radiation per 
second per square millimeter striking the thermopile, by calibrating 
with a standard carbon-filament lamp from the U. 8. Bureau of 
Standards. 

The light can be restricted to a narrow range of wave lengths with 
the help of properly chosen filters which absorb the undesired wave 
lengths. The separation may be effected still better by refraction 
through a prism in a monochromator; the best results are. obtained 
with a source of light like a mercury-vapor lamp which gives a dis- 
continuous spectrum. Under these conditions a single spectral line 
may be isolated for the photochemical reaction. The intensity ob- 


* Noyes and Leighton, ‘“The Photochemistry of Gases,” Reinhold Publishing Corp., 
New York, 1941, Chapter II; Daniels, Mathews, and Williams, “Experimental 
Physical Chemistry,” McGraw-Hill Book Co., New York, 1941; Daniels, J. Phys. 
Chem., 42, 701 (1938). 
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tainable with a monochromator is very low, and it is necessary to use 
capillary ares or other very intense sources of light and to employ 
prisms and lenses of large dimensions in order to obtain sufficient 
intensity for investigating photochemical reactions. The reacting 
system is placed in glass or quartz vessels provided with clear polished 
windows, and the light is usually passed through the cell onto the 
thermopile. The actual energy absorbed in the reacting system is 
measured by subtracting these thermopile readings from those ob- 
tained when the cell is empty or filled with a transparent solvent. 
It is a still better plan to use two identical cells, one to contain the 
chemically reacting material and one to act as a blank for obtaining the 
light intensity. 

Failure to control the wave length and intensity may lead to errone- 
ous conclusions. For example, when a certain reaction is exposed to 
sunlight through a red filter, it may proceed faster than when exposed 
through a blue filter. But red light is present in sunlight in much 
greater intensity than the blue, and one cannot conclude that the 
greater effect is due to the color; it may be due to the greater intensity. 
As another example, one may cite the action of the mercury-vapor 
lamp in producing ozone from oxygen. Ozone is synthesized by the 
short ultraviolet and decomposed by longer ultraviolet (2800 A). 
The actual yield of ozone depends then on the ratio of the intensities 
in these two regions, and this ratio depends on accidental conditions 
such as the age and the rate of cooling of the lamp. Experimental 
checks under such uncontrolled conditions cannot be expected. 

In quantitative work where a knowledge of the reaction mechanism 
and rate is needed, it is not sufficient to place the reaction cell in front 
of a source of light. The reaction may slow down as the material is 
consumed not only on account of the decreased reaction rate but also 
on account of the lessened absorption of light. The number of calories 
of radiation or, better, the number of photons actually absorbed is the 
significant thing. 

The amount of light absorbed in a given reaction cell will depend on 
the time of exposure, the concentration of the absorbing material, the 
thickness of the cell, and the intensity of the incident light. Instead of 
specifying all the variables it is much simpler to express the facts in 
terms of the number of molecules reacting per photon of radiation actu- 
ally absorbed, that is, in terms of the quantum yield ®. 

Because the intensity of available monochromatic radiation is so low, 
it has been common practice to restrict quantitative photochemical 
studies to those reactions for which microanalytical methods are avail- 
able or for which they can be developed. 
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The intensity of light available for photochemical reactions is meas- 
ured most accurately with a thermopile, but with limitations it may 
sometimes be measured with a photoelectric cell or by the amount of 
photochemical reaction produced in an actinometer. It is necessary to - 
calibrate these measuring devices against a thermopile. The blackened 
receivers of a thermopile are equally responsive to all wave lengths, 
whereas photoelectric cells and the actinometers do not necessarily give 
equal response for the same energy input at different wave lengths. 

The uranyl oxalate actinometer, studied with great accuracy by 
Leighton and Forbes,* is the best for most purposes. Although the 
quantum efficiency changes slightly with the wave length, it may be ~ 
taken that in a solution M/100 in UO.SO4 and M/20 in H2C20z, 
0.57 molecule of the oxalic acid is decomposed for each quantum of 
light absorbed between the wave lengths 2540 and 4350 A. In other 
words, each mole of oxalic acid decomposed is equivalent to 1.75 ein- 
steins, or to 166,000 cal, if an average wave !ength of 3000 A is assumed. 
The uranyl ion undergoes no chemical change. 

For very low light intensities photoelectric cells and Geiger—Miiller 
counters (page 625) are useful, but in photochemical work it is usually 
the sensitivity of the chemical tests rather than the sensitivity of the 
radiation measurement which limits the accuracy. 

Photochemical Kinetics. The kinetics of photochemical reactions is 
more complicated than the kinetics of thermal reactions because more 
variables are involved. The intensity of light and the size and shape of 
the vessel may affect greatly the rate of the reaction. A photochemical 
reaction may be accompanied by a thermal reaction, identical with the 
photochemical reaction, or opposite to it, or entirely different in charac- 
ter. A photochemical reaction may produce a catalyst which then — 
causes a thermal reaction to proceed at a measurable rate. Sometimes 
an induction period is necessary while a sufficient quantity of catalyst is 
being accumulated to make the reaction proceed with a measurable 
velocity. Again a thermal reaction once started may continue after 
the illumination is stopped, giving an aftereffect. The energy available 
in a photochemical reaction is much greater than in the thermal reac- 
tion, and this fact often changes the character of the reaction. For 
example, the thermal dissociation of hydrogen iodide at 450° is bimolecu- 
lar (2QHI = He + Iy), but the photochemical reaction is unimolecular 
(HI = H + JI) because the extra energy required to produce free atoms 
is available. 

Not only second-order and first-order reactions but zero-order reac- 
tions also are found in photochemistry. A zero-order reaction is one in 


* Leighton and Forbes, J. Am. Chem. Soc., 52, 3139 (1930). 


PHOTOCHEMICAL KINETICS 603 


which the rate is entirely independent of the concentration. For exam- 
ple, if the concentration is high and the light intensity is weak, the light 
intensity may be the limiting factor in the reaction rate, and the con- 
centration may be without influence on the rate. 

If the reaction cell is short, the absorption of light is slight, so that 
practically all parts of the reacting system have about the same illumi- 
nation, and stirring becomes unimportant. If, on the other hand, the 
light is largely absorbed in the first portion of the reacting system, the 
extent of the reaction will vary with the depth, and vigorous stirring 
may be necessary to give uniform and reproducible conditions, particu- 
larly in long cells. 

If light causes a reaction in one direction, giving a zero-order reac- 
tion, and a thermal reaction occurs in the opposite direction propor- 
tional to the concentration of the photochemical product, a stationary 
state will eventually be produced in which the two rates are exactly 
equal. The situation is described mathematically by the following 


equation: 
dx 


ae Ge Kshotol — Kihermarl (5) 


where kypnoto 20d Kthermar are the specific reaction rates of the photochem- 
ical and thermal reactions and zx is the amount of material produced by 
the photochemical reaction. When a steady state is reached, 
Kpnotol 


thermal 


(6) 


Kpnotol = Kithermet’, and Ca 


The concentration of material in the stationary state changes with the 
intensity of the light. An example of this type of reaction is the photo- 
polymerization of anthracene, dissolved in xylene. In the presence of 
ultraviolet light this substance forms dianthracene which has twice 
the molecular weight of anthracene, but in the dark the dianthracene 
is depolymerized, giving the original anthracene. 

The experimental determination of the quantum yield constitutes 
an excellent method for studying chain reactions (page 387). If several 
molecules of products are formed for each photon of light absorbed, 
the reaction is obviously a chain reaction in which the products of the 
reaction are able to activate additional molecules of reactants. 

The photocombination of hydrogen and chlorine is a classical ex- 
ample of such a reaction, about a million molecules reacting for each 
quantum absorbed. Each molecule of hydrochloric acid formed under- 
goes further reaction with the hydrogen and chlorine atoms produced 
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(page 388). The measurement of the number of molecules per photon 
gives a measure of the average number of molecules involved in the 
chain. 

In studying the kinetics of a photochemical reaction it is desirable 
to give the experimental facts by stating the quantum yield. For fur- 
ther information it is desirable to determine the influence of concentra- 
tion and thus establish the order of the reaction, to determine the 
influence of temperature and thus ascertain whether or not thermal 
reactions are playing an important part, and to determine the influence 
of light intensity. If the quantum yield changes with the light intensity 
(that is, the amount of the reaction is not directly proportional to the 
intensity of light), it may be concluded that the light intensity is not the 
limiting factor or that more than one reacting molecule or fragment is 
produced by the light, each in turn taking part in secondary reactions. 

Writing a rate equation for the photochemical reaction, including a 
term for the intensity of the light, describes most comprehensively the 
facts of a photochemical reaction. Although these expressions may be 
largely empirical, they frequently reveal much concerning the true 
mechanism of the reaction. 


Example 2. The following reactions describe the photochemical decomposi- 
tion of hydrogen bromide with light of 2530 A at 25°. The primary process 
disrupts the molecule into atoms of hydrogen and bromine which can then 
undergo further reactions. The quantum yield for the primary process is some- 
times designated by ¢, whereas the quantum yield for the over-all reaction is 
designated by ®. The intensity of light absorbed is designated by J. 


(1) HBr + ly = H+ Br Rate = oJ 

(2) H + HBr = H,+ Br Rate = kecycypr 
(3) Br + Br + (YM) = Bre + (M) Rate = kscr2cx 
(4) H + Bro = HBr + Br Rate = kscycpr, 


The over-all reaction is 
2HBr = He + Bre 


Reaction 3 describing the recombination of bromine atoms requires a collision 
with a wall or a third molecule M in order to dissipate the heat of combination 
and permit the two atoms to remain united. 

Other reactions might be written on paper, such as Br + HBr = Br. + H 
and Br + H,; = HBr + H, but they involve breaking bonds which require so 
much energy for activation that they do not proceed at room temperature and 
may be neglected. 

As the bromine accumulates, reaction 4 becomes important and reduces the 
quantum yield. 
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These facts can be summarized by the expression for the disappearance of 
hydrogen bromide: 
Soe (kaCpr,/, koCupr) 


5 OOS TLIO a 


When the concentration of bromine is zero at the beginning of the illumination 
or when mercury or other “acceptor” is added capable of removing the bromine 
chemically, 

d= 6—>2 


Photosensitization. Very often the molecules which absorb the light 
take part in the photochemical reaction only in an indirect manner and 
act merely as carriers of energy. One of the outstanding examples is 
that of mercury vapor, activated by the absorption of ultraviolet light 
of 2536.7 A which is emitted by a mercury-vapor lamp. The energy 
corresponding to this radiation is very large (112,000 cal), and it is more 
than the 102,400 cal necessary to dissociate hydrogen molecules. When 
mercury vapor is mixed with hydrogen and exposed to light from a 
mercury-vapor lamp, the chief reactions may be represented by the 
following equations, where Hg* represents an activated mercury atom: 


Hg + hv = He* (7) 
Hg* + H, = Hg + 2H | (8) 


The hydrogen is transparent to this radiation. The mercury acts as a 
photosensitizer, and the hydrogen atoms readily reduce metallic oxides, 
nitrous oxide, ethylene, carbon monoxide, and other materials. The 
excited mercury atoms decompose not only hydrogen but also ammonia 
and many different organic compounds. 

The photodecomposition of oxalic acid, sensitized by uranyl ion, has 
already been referred to as a reproducible reaction suitable for use as 
an actinometer. The light is absorbed by the colored uranyl ion, and 
the energy is transferred to the colorless oxalic acid which then de- 
composes. The uranyl ion remains unchanged and can be used over 
and over again indefinitely as a sensitizer. It is probable that some 
kind of an “energy bridge,” or loose chemical compound, or “complex” 
must be formed in order that this energy may be transferred. Sup- 
porting this view is the fact that the absorption of light is increased 
somewhat by adding colorless oxalic acid to a solution of uranyl ion. 
This change in absorption of light on mixing is one method by which 
chemical interaction of solutes (or gases) can be detected. Uranyl 
ion and light will not bring about chemical reaction in all substances 
even if the light energy is sufficient. Apparently the transfer of energy 
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during an ordinary instantaneous collision is not often possible; some 
kind of a loose or temporary chemical combination is helpful in giving 
favorable conditions for the transfer. 
Typical Reactions. A few typical photochemical reactions * are 
summarized in Table II. 
TABLE II 


Quantum YIELDS IN PHorocHEmicaL Reactions aT Room TEMPERATURE 


Approximate 
Wendie Wave Length Approximate 
Region in & 
angstroms 
| 
1. 2HI = He +12 3000-2800 2 
2. S0Os-- + HO = 280,-— + 2H* + 302 3000-2500 1 
3. CuHio = 3(CuHi)2 <3600 10 
4, 2NO» — 2NO + O2 4350 0 
4050 Ona 
3660 1.5 (2) 
5. CH3;CHO — CO + CHyg (+ CoHe + He) 3100 0.5 
2537 1 
6. (CH3)2CO — CO + CoHe (+ CH,) <3300 0.2 
7. Croton aldehyde <3100 0.0 
8. NH3 > $Ne2 + 2He 2100 0.2 
9. HeCeO4 (+ UO,*+*) — CO + CO, + 
H2O (+ UOe*T) 4300-2500 0.5-0.6 
10. 2NO3~ — 2NO.~ + Og 3000-2500 0.01-0.3 
11. Cle + He — 2HCl 4000 10° 
12. Bre + CsH;CH=CHCOOH — 
CeHsC2H2BreCOOH <5500 100-1 
13. CoHe2 —> * (CaHls)n ~ 2000) 7é 
14. CO + Ck — COCl, 4000-4360 1000 


Reaction 1 is one of the most exact photochemical reactions, and it has 
the same value of ® from 2800 to 3000 A, at low pressures and high 
pressures, in the liquid state or in solution in hexane. The primary 
process HI + hy = H + Lis followed by the thermal reactions H + HI 
= H,+I1andI +1 = |, thus giving two molecules of HI decomposed 
for each photon absorbed. Reaction 2 has a quantum yield of unity. 
Reaction 3 has a quantum yield of unity initially, but the reverse 


* Noyes and Leighton, “Photochemistry of Gases,” Reinhold Publishing Corp., 
New York, 1941, Appendixes, pages 415-465; Daniels, J. Phys. Chem., 41, 713 (1938). 
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thermal reaction reduces it as the product accumulates. In reaction 4 
at 3660 A the photoprocess is completely efficient (@ = 2) if correc- 
tion is made for internal screening by the accompanying N2O4 which 
absorbs some light at 3660 A. The reactions are NO2 + hy = NOz *, 
NO2* + NOs = 2NO + Os, where the asterisk indicates an activated 
molecule. At longer wave lengths the spectrum is of a different 
type, and at 4350 A no reaction occurs when the radiation is ab- 
sorbed. 

Reaction 5 likewise shows a greater photochemical efficiency at the 
shorter wave lengths where the absorption spectrum is different. This 
reaction is interesting because at 300° ® has a value of more than 300 
indicating that the free radicals which are first produced by the absorp- 
tion of light are able to propagate a chain reaction at the higher tem- 
peratures. 

In reaction 6 the primary reaction is probably CH3COCH3 + hy = 
CH3 + COCH3. The acetyl radical can then decompose into CO and 
CHs, or it can react with CH3 to give back acetone. At room tempera- 
ture it forms biacetyl (COCH3) 9. In crotonaldehyde, reaction 7, no 
photochemical decomposition is observed. 

In the photolysis of ammonia, reaction 8, hydrogen atoms are split 
off, and the low yield is probably due to partial recombination of the 
fragments. The quantum yield varies with pressure and reaches a 
maximum at 80-90 mm. 

Reaction 9 illustrates a photosensitized reaction. Reaction 10 is 
complicated and depends on the pH of the solution. It is more efficient 
at the shorter wave lengths. Reaction 11 is the best-known example of 
a chain reaction, and it is one of the longest chains. Oxygen and cer- 
tain other substances act as inhibitors by combining with the chlorine 
or hydrogen atoms, thus stopping the propagation of the chain and 
reducing the quantum yield. 

The addition of bromine to cinnamic acid, reaction 12, is a chain 
reaction, the length of which depends on the temperature and the con- 
centration of bromine and the amount of dissolved oxygen. ‘The re- 
action can be split up into the primary photoprocess, which is not 
affected by temperature, and the subsequent thermal reaction which 
has a large temperature coefficient. When oxygen is removed, the 
breaking of chains is less frequent, and the quantum yield is of the 
order of hundreds and more. 

The polymerization of acetylene, reaction 13, to give an insoluble 
substance called cuprene, is effected by short ultraviolet light with a 
quantum yield of about 7, showing that the primary process is followed 
by a short chain reaction. 
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Reaction 14 varies with the pressures of carbon monoxide and chlorine 
and, like all chain reactions, is sensitive to impurities. * 

Luminescence. When a solid body, a bar of iron, for example, is 
heated to about 500°, it becomes “red hot’’; when the temperature is 
raised still higher, it becomes ‘white hot,’”’ as the wave lengths of max- 
imum intensity shift toward the shorter end of the spectrum in accord- 
ance with Wien’s displacement law. It is possible, however, to produce 
light by other agencies than heat, and the radiation thus produced is 
called luminescence or sometimes ‘‘cold light.’’ In all cases the emission 
of visible light may be attributed to the return of an outer electron 
toward its normal position after being displaced by kinetic bombard- 
ment of atoms and molecules, or by chemical or electric or other forms 
of energy. 

Chemiluminescence is the emission of light by certain chemical reac- 
tions. Thus Evans and Dufford ¢ have shown that the oxidation of 
ether solutions of magnesium p-bromophenyl bromide gives rise to 
marked chemiluminescence, the greenish-blue glow which accompanies 
the exposure of the solution to air being visible in daylight. The oxida- 
tion. of decaying wood containing certain forms of bacteria, of luciferin 
in fireflies, and of yellow phosphorus are further examples. 

Fluorescence is the emission of light by molecules or atoms which 
have been excited by the absorption of light, the fluorescent light 
having a wave length different from that of the incident radiation. In 
general, the wave length of the transformed radiation is greater than 
that of the incident radiation, indicating that, since the radiated light 
has a lesser amount of energy, the molecule has absorbed some energy. 
This relation, to which numerous exceptions have been found, was first 
enunciated by Stokes. When the incident radiation is cut off, fluores- 
cence ceases. 

Among the numerous substances which are known to exhibit the 
phenomenon of fluorescence may be mentioned fluorite (from which 
the phenomenon derived its name), uranium glass, petroleum, solu- 
tions of certain organic dyestuffs, eosin, fluorescein, quinine sulfate, 
chlorophyll, and the vapors of sodium, mercury, iodine, and acetone. 

The characteristic fluorescence of various substances when exposed 
to the invisible ultraviolet light provides an effective means of analysis 
in many cases.{ Moreover, the intensity of fluorescence can be used 


* Further details of facts and theories for these and other photochemical reactions 
may be found in Noyes and Leighton, loc. cit. 

{ Evans and Dufford, J. Am. Chem. Soc., 45, 278 (1923). 

{Radley and Grant, “Fluorescence Analysis in Ultraviolet Light,’ D. Van 
Nostrand Co., New York, 1933. 
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for quantitative analysis. For example, the concentration of ribo- 
flavin in chloroform is determined by this method.’ The fluorescence 
produced by X rays falling on a film of barium platinocyanide or other 
material is the principle of the fluoroscope used in X-ray diagnosis. 

There are also many substances known which continue to emit 
light for some time after the external light stimulus is removed. This 
phenomenon is termed phosphorescence. The sulfides of the alkaline 
earths may be mentioned as examples of phosphorescent substances. 
A trace of one of the heavy metals greatly intensifies the light emitted 
by a phosphorescent substance. Usually impurities, in the form of 
mixed crystals, are necessary for phosphorescence. Many different 
colors are now available among the phosphorescent compounds. 

Bombardment by electrons produces luminescence in rarefied gases 
at low pressures and in certain organic and inorganic crystals. The 
amount of visible fluorescence produced by a given input of energy 
may be large. This is the basis of the development of ‘‘fluorescent”’ 
lighting. Alpha particles from radioactive elements produce bright 
luminescence when they hit a screen of zinc sulfide. Luminescent 
paints for watch dials are made by mixing the zinc sulfide and the 
radioactive material together with a binder. 

Considerable progress has been made in studying the effect of radia- 
tions on crystals. When X rays are passed through certain crystalline 
materials, characteristic colors are produced. Potassium chloride and 
quartz become blue. The color of irradiated alkali halides is probably 
due to absorption of light by electrons which have been released by 
X rays and trapped in negative-ion “vacancies” in the crystal lattice. This 
explanation involving vacancies in an imperfect lattice has been helpful 
in understanding other properties of the colored crystals such as thermal 
bleaching and photoconductivity, and in developing certain aspects of 
the theory of the photographic process. 

Photography. If silver chloride or bromide is mixed with gelatine 
and given a very brief exposure to light, no change is observed; but, 
when it is immersed in a solution of a mild reducing agent, such, for 
example, as pyrogallic acid, the parts which have been exposed to light 
are developed; that is, they are reduced to metallic silver much more 
rapidly than the unexposed parts. The photographic plate consists 
of a large number of minute grains of crystalline silver halide; some 
of these grains are completely reduced by the developer to black metallic 
silver, and others are unaffected. Apparently, it is necessary for a 
quantum of energy to strike a sensitive spot in the crystal lattice in 
order that the silver halide may be reduced to give a nucleus of silver 
which then spreads, on further reduction, to include the whole 
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erain.* These sensitive spots seem to be identified with minute impurities 
of silver sulfide in the crystal lattice which are particularly responsive to 
the action of light. By increasing the number of these sensitive spots 
and by other means the speed of photographic films and plates has been 
greatly increased; that is, satisfactory photographs can be made with 
much weaker light than was possible heretofore. 

The camera and lens focus the image of the object on the photographic 
plate; the brightest parts of the image have a greater concentration of 
photons, and, consequently, more grains are reduced to silver. The un- 
affected grains are dissolved out with sodium thiosulfate (“hypo”) and 
the plate is washed and dried. The bright parts of the image become 
the dark spots on the plate, and the plate is therefore called a negative. 

In printing, the plate is placed over a paper coated with silver halide 
and exposed to the light. The dark spots of silver on the negative 
absorb the light, whereas the unaffected areas permit light to pass 
through and act on the silver halide, producing a negative of the first 
negative. This double reversal produces a print in which the dark and 
light parts agree with the dark and light parts of the original object. 

The silver halides respond only to the ultraviolet and to the shorter 
wave lengths of the visible spectrum, but, if certain red dyes, such as 
dicyanin, are mixed in the emulsion, the plate becomes sensitive also 
to red. Such red-sensitive plates are cailed panchromatic plates and 
give much better tone values to colored objects. This phenomenon 
constitutes another example of photosensitization. The red light is 
less scattered than the blue, and much clearer pictures of distant objects 
through a hazy atmosphere are obtained with red-sensitive plates using 
a color filter which absorbs the blue. This method is used in aerial 
photography. 

Biological Applications of Photochemistry. The most important 
photochemical reaction in the world is the union of carbon dioxide and 
water in plants through the agency of sunlight and chlorophyll. Chloro- 
phyll is a complex organic compound containing magnesium, which 
gives to plants their green color. It absorbs red and blue and, to a lesser 
extent, green light, as shown in Fig. 27 on page 82. The activated 
chlorophyll thus formed is responsible for the production of the starting 
material for all plant growth, utilizing carbon dioxide and water. 

The important primary reaction involved in the growth of plants 
may be represented by the equation: 


1 
COz + H20 + hy + chlorophyll oe (CH20)n + Og + chlorophyll (9) 


* James and Kornfeld, Chem. Rev., 30, 1 (1942). 
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Now the reaction, 
CgH1206 + 60. => 6CO. + 6H20 (10) 


evolves 672,000 cal of heat, and the reverse reaction must absorb 
672,000/6 or 112,000 cal per gram atom of carbon. The energy of 
activation required for reaction 9 must be at least as great as the endo- 
thermic heat of reaction (page 374). This energy of 112,000 cal per 
mole corresponds to a wave length of about 2300 A or less. Short 
ultraviolet light absorbed by carbon dioxide or water is known to bring 
about a reaction between carbon dioxide and water, but there is prac- 
tically no radiation of this wave length in the sun’s radiation that 
reaches the surface of the earth. 

Chlorophyll, however, acts as a photosensitizer, absorbing visible 
light and making it available for photosynthesis in the plant. But there 
is something unique about the reaction. Photons of red light correspond 
to only 40,000 cal per mole, and yet they are able to do chemical work 
which demands at least 112,000 cal per mole. Obviously, nearly three 
or more photons must work together to bring about the reaction, but 
no other reaction has yet been observed in the laboratory where low- 
energy photons can add together in a single step to do a high-energy 
job of this kind. 

It is likely that reaction 9 takes place in several steps, each requiring 
one quantum, and each leading to a further partial reduction of the 
carbon dioxide. Experiments on algae show that the quantum yield 
under the most favorable condition is about 0.1 molecule of carbon 
dioxide consumed or oxygen evolved per quantum,* corresponding to 
an efficiency with red light of about 28 per cent. Previously, it had been 
erroneously thought that the quantum yield was 0.25, corresponding to 
a much higher efficiency. 

The reaction mechanisms are very complicated, but, by using radio- 
active carbon dioxide (page 663) as a tracer, it has been found that the 
first chemical intermediate produced in photosynthesis possesses both a 
carboxyl group and a hydroxyl group. Some type of polymerization 
then may give rise to cellulose or related products. Intensive research 
on the mechanisms of this important reaction is now going on.f 

Another photochemical reaction of biological importance is the pro- 
duction of vitamin D, which prevents rickets and brings about the 
normal deposition of calcium in growing bones. Steenbock found that 
rickets could be prevented by subjecting the food as well as the patient 


* Manning, Stauffer, Duggar, and Daniels, J. Am. Chem. Soc., 60, 266 (1938). 
+ Symposium, American Association for the Advancement of Science, Chicago, 
Dec. 27 and 28, 1947. 
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to ultraviolet light below 3100 A. Later the substance which is con- 
verted into vitamin D was traced to ergosterol. 


Example 3. When ergosterol is irradiated with ultraviolet light below 3100 A, 
vitamin D, the antirachitic vitamin, is produced in proportion to the number of 
quanta absorbed. When irradiated ergosterol was included in a diet otherwise 
devoid of vitamin D, it was found that absorbed radiant energy of about 750 ergs 
was necessary to prevent rickets in a rat when fed over a period of 2 weeks. The 
light used had a wave length of 2650 A. 

(a) How many quanta are necessary to give 750 ergs? 


3.0°X10" 
BS a —27 er a —12 
C= Viv — 0.6209 Oma ox 265 Xx 10-5 1.5 X 10 
= 750 * a 
Number of quanta = 75 Xx 10-2 7 1.00 X 10 


(b) If we assume that the primary photoprocess is the only chemical reaction, 
how many molecules of vitamin D per day are necessary to prevent rickets in a 


rat? 
ae 10 
Molecules per day = x 


(c) If vitamin D has a molecular weight of the same order of magnitude as 
ergosterol (382), how many grams of vitamin D per day are necessary to prevent 
rickets in a rat? 


= 7.14 X 10” 


TESS AO 
Grams per day = 6.02 x 102 < 382°= 4.53 * 10. 

The first measurements of this type were made before the vitamin 
D had been isolated. After the vitamin was isolated in nearly pure 
form, it was found that 5 x 10~° g per day was the minimum dosage 
required to prevent rickets in a rat. This value is in agreement with 
the quantity estimated from theoretical photochemistry at a time when 
the nature of the vitamin was still unknown. 

Miller and others have established the fact that mutations, leading 
to new species, can be produced in plants and insects by radiation with 
X rays. Apparently, the cells which are responsible for hereditary 
influence cannot be affected by mechanical methods without injur- 
ing the cells, but occasionally they can be influenced by photons of 
X rays. Injuries may result from overexposure. Collisions between 
photons of X rays and effective parts of the cells are very rare and can 
be detected only by the extraordinary magnification occurring in the 
growth of an organism. It has been suggested that some of the naturally 
occurring mutations which are responsible for the spontaneous origin of 
species and biological evolution are produced by cosmic radiation and 
gamma rays from traces of radioactive material, both of which are 
similar to X rays. 
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PROBLEMS 


1. (a) What is the energy per photon of violet light having a wave length of 
4000 A? 

(b) How many calories per mole are there in 1 einstein (6.023 X 10 quanta) of 
this radiation? Ans. (a) 4.97 X 107” erg per quantum. (b) 71,500 cal. 

2. The following calculations are made on a uranyl oxalate actinometer, on the 
assumption that the energy of all wave lengths between 2540 A and 4350 A is com- 
pletely absorbed. The actinometer contains 20 ml of M/20 oxalic acid which also is 
M/100 with respect to uranyl sulfate. After 2 hours of exposure to ultraviolet light, 
the solution required 34 ml of KMnO, solution to titrate the undecomposed oxalic 
acid. The same volume, 20 ml, of unilluminated solution required 40 ml of the 
KMn0O, solution. If the average energy of the quanta in this range may be taken as 
corresponding to a wave length of 3500 A, how many ergs were absorbed per second 
in this experiment? Ans. 124,000 ergs. 

3. The photopolymerization of anthracene reaches a stationary state, owing to the 
thermal decomposition of the dianthracene. For the photoreaction the tempera- 
ture coefficient r is 1.1, and for the thermal reaction r is 2.8 where r is defined as 
ky+10/ke- 

Calculate the effect of a 10° rise in temperature on the amount of dianthracene 
formed when the photostationary state is reached. Ans. 60.7 per cent decrease. 

4, A sample of gaseous acetone is irradiated with monochromatic light of a wave 
length of 3130 A. Light of this wave length decomposes the acetone according to 
the equation: 


(CH3)2CO + hy —> CoH, +- co 


The reaction cell used has a volume of 59 ml. The acetone vapor absorbs 91.5 per 
cent of the incident energy. During the experiment the following data are obtained: 


Temperature of reaction = 56.7° 


Initial pressure = 766.3 mm 
Final pressure = 783.2 mm 
Time of radiation. = 7 hours 


Incident energy = 48,100 ergs per second 
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How many molecules are decomposed per quantum of absorbed energy; that is, 
what is the quantum yield? Ans. 0.17 molecule per quantum. 

5. According to the hypothesis of Franck, the molecules of the halogens dis- 
sociate into one normal atom and one excited atom. The wave length of the con- 
vergence limit in the spectrum of iodine is 4995 A. 

(a) What is the energy of dissociation of iodine into one normal and one excited 
atom? 

(b) The lowest excitation energy of the iodine atom is 0.94 volt. What is the 
energy corresponding to this excitation? 

(c) Compute the heat of dissociation of the iodine molecule into two normal atoms, 
and compare it with the value obtained from thermochemical data, 34.5 kcal per 
mole. Ans. (a) 57.22. (6) 21.67. (c) 33.55 kcal. 

6. How many calories of sunlight of average wave length, 6000 A, will be required 
to synthesize a kilogram of carbohydrate material (CH2O) if 10 photons are required 
for every molecule of carbon dioxide utilized? Ans. 15,780 kcal. 


7. A certain photochemical reaction requires an activation energy of 30,000 cal 
per mole. To what values does this correspond in the following units: (a) ergs per 
molecule, (b) frequency of light, (c) wave number, (d) wave length in angstroms, (e) 
electron volts. 

8. If a reaction responds to both red and violet light, 7000 A and 4000 A, with an 
equal quantum efficiency, will there be more photochemical reaction per 100 cal of 
light in the red or in the blue? How much more? 

9. The oxidation of rubrene (C42H¢3) is effected by oxygen at a wave length of 
4360 A with a quantum efficiency of 1 molecule per quantum. How many calories 
of this light will be required to photo-oxidize-1 g of rubrene? 

10. In the process of photosynthesis about 10 quanta of red light at 6200 A are 
required for the reaction of 1 molecule of carbon dioxide with 1 molecule of water, 


according to the reaction: 
CO2 + H2O = (CH20) + Oz 


The heat of combustion of a carbohydrate (CH2O) evolves 112,000 cal of heat per 
carbon atom. Calculate the energy efficiency of the process, that is, the ratio of 
112,000 to the number of calories of light absorbed per mole. 

11. Chloroform is often kept in dark bottles to prevent photo-oxidation by air, 
giving phosgene which is poisonous. The quantum yield of the photo-oxidation has 
been reported to be about 100 molecules per photon with light of 4360 A. How 
many grams of chloroform will be photo-oxidized by 10 cal of this light? 

12. For 900 seconds light of 4360 A was passed into a carbon tetrachloride solu- 
tion containing bromine and cinnamic acid. The average energy absorbed was 
19,190 ergs per second. Some of the bromine reacted to give cinnamic acid dibro- 
mide, and, in this experiment, the total bromine content decreased by 3.83 X 1019 
molecules. (a) What was the quantum yield? (b) State whether or not a chain 
reaction was involved. (c) If a chain mechanism is involved, suggest suitable reac- 
tions which might explain the observed quantum yield. 

13. A cold high-voltage mercury lamp is to be used for a certain photochemical 
reaction which responds to ultraviolet light of 2537 A. The chemical analysis of 
the product is sensitive to only 10~* mole. The lamp consumes 200 watts and 
converts 5 per cent of the electric energy into radiation of which 80 per cent is at 
2537 A. The amount of the light which gets into the monochromator and passes 
out of the rear slit is only 10 per cent of the total radiation of the lamp. Fifty per 
cent of this 2537 A radiation from the monochromator is absorbed in the reacting 
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system. The quantum yield is 0.4 molecule of product per quantum of light absorbed. 
How long an exposure must be given in this experiment if it is desired to measure 
the photochemical change with an accuracy of 1 per cent? 


14. Discuss the economic possibilities of using photochemical reactions in industry 
for valuable products with electricity at 1 cent per kilowatt-hour. Assume that 
5 per cent of the electric energy consumed by a quartz-mercury-vapor lamp goes into 
light, and 30 per cent of this is photochemically effective. How much will it cost 
to produce 1 lb (453 g) of an organic compound having a molecular weight of 100, if 
the average effective wave length is assumed to be 4000 A and the reaction has a 
quantum yield of 0.8 molecule per photon? How much will it cost if the reaction 
involves a chain reaction with a quantum yield of 100? 

15. (a) How many calories per mole is equivalent in energy to 2 electron volts? 
A lead storage battery gives about 2 volts. 

(b) How many calories per mole is equivalent to 100,000 volts? X rays have 
energies of about 100,000 volts. 

(c) How many calories per mole is equivalent in energy to 20 million electron 
volts? Some cosmic rays have energies of about 20 million electron volts. 

16. Ammonia is decomposed by ultraviolet tight of 2000 A with a quantum yield of 
0.14 molecule per photon absorbed. (a) How many joules of this light would be 
necessary to decompose 1 g of ammonia? (b) Offer a suggestion to explain this 
comparatively low quantum yield. 

17. Nitrogen dioxide is decomposed photochemically by light of 4050 A with 
a quantum yield of 0.5 molecule per photon, according to the reaction: 


2NO2 Te 2NO + Os 


The thermal reaction runs in the reverse direction. When an enclosed sample of 
nitrogen dioxide is illuminated for a long period of time, the quantum yield decreases 
and approaches zero. Suggest a mechanism to explain these facts, and write the 
chemical equations. 

18. Calculate the maximum possible theoretical yield in tons of carbohydrate 
material (H2CO) which can be produced on a square mile of land by green plants or 
trees during a 100-day growing season. Similar calculations apply to algae growing 
in a square mile of lake or ocean. Assume that the sun’s radiation averages 1.2 cal 
per square centimeter per minute for 10 hours per day and that one-half the area is 
covered by green leaves. Assume that one third of the radiation lies between 4000 
and 6500 A, which is the range of the light absorbed by chlorophyl, and that the 
average wave length is 5500 A. Assume that the leaves are thick enough to absorb 
practically all of the light which strikes them. The quantum yield under the most 
favorable circumstances has been established experimentally as 0.1; that is, 10 
photons with chlorophyl can produce one HCO unit from 1 molecule of carbon 
dioxide and 1 molecule of water. Criticize these several assumptions. 


19. Two mechanisms have been proposed for the photochemical decomposition 
of NOCI: 


pata +hy — NO+Cl 
Cl + NOC] — NO + Cle 


NOCI + hy — NOCI* 


and BT oce + NOC] > 2NO + Ch 


What quantum yield would be expected for each mechanism? Given the following 
experimental facts, state which mechanism is probably correct: 
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The range of wave lengths effective in decomposition lies between 3650 and 6400 A. 

The substance NOC possesses well-defined absorption bands above 2500 A, with 
no regions of continuous absorption. 

The minimum dissociation energy required to give NO and Cl is 46,400 cal. 

20. The photochemical reaction between bromine and hydrogen to give HBr 
using light of 5000 A has a quantum yield of zero below 150° and between 1 and 2 at 
higher temperatures. The quantum yield for the photochemical reaction between 
chlorine and hydrogen is about 10°. Explain the difference in the behavior of bromine 
and chlorine. 

21. The photochemical oxidation of phosgene, sensitized by chlorine, has been 
studied by Rollefson and Montgomery.* The over-all reaction is 


2COCly + O2 = 2CO2 + 2Cle 
and the rate expression which gives the effect of the several variables is 


deco, _ __kloccocts 
dt 1 = k'ecry/ Co» 


where Jy is the intensity of the light. The quantum yield is about two molecules per 
quantum. Devise a series of chemical equations involving the existence of the free 
radicals ClO and COC] which will give a mechanism consistent with the rate expres- 
sion. 


* Rollefson and Montgomery, J. Am. Chem. Soc., 55, 142, 4025 (1932). 


CHAPTER XXI 
ATOMIC AND NUCLEAR STRUCTURE 


The atom consists of a central nucleus of very small dimensions, 
approximately 107!” em, in which is concentrated most of its mass, 
surrounded by electrons which give a total diameter of approximately 
10~* cm. The nucleus itself consists of neutrons and positively charged 
protons. The number of external electrons is equal to the number of 
protons in the nucleus, and this number, called the atomic number, 
determines the chemical behavior of the element. When the elements 
are arranged in order of increasing atomic number, they often fall into 
groups which have similar chemical properties. The weight of the atom 
depends on the sum of the weights of the protons and neutrons in the 
nucleus. 

The nucleus remains unchanged during all ordinary reactions, and it 
is only the arrangement of electrons outside of the nucleus which is of 
interest in ordinary chemistry, where activation energies up to 100,000 
cal per mole are sufficient for most reactions. The nucleus itself can be 
disintegrated, however, with much higher energies of a billion calories 
and more. Again, some of the elements possess unstable nuclei and 
undergo spontaneous change into other elements; that is, they undergo 
radioactive decay. 

Conductance of Electricity through Gases. Experiments on the con- 
ductance of electricity through gases were carried out largely by J. J. 
Thomson and others in the English laboratories during the latter part 
of the past century. Their observations laid an experimental founda- 
tion on which much of our information regarding the structure of the 
atom and the structure of the nucleus is built. When two metal elec- 
trodes are placed in a glass vessel containing gas at atmospheric pres- 
sure, it is necessary to apply a potential of some 40,000 volts per centi- 
meter before any appreciable amount of current will pass through the 
gas. Under these conditions a spark is produced. If the pressure of the 
gas is reduced progressively, the spark becomes more uniform and 
broadens out. When the pressure is decreased to about 0.5 mm, the 
negative electrode, or the cathode, appears to be surrounded by a lumi- 
nous layer, and between this and the anode is a series of luminous stria- 

617 


618 ATOMIC AND NUCLEAR STRUCTURE 


tions separated by dark regions, the number of which depends on the 
pressure, the kind of gas, and the dimensions of the vessel. 

The current is carried between the electrodes partly by electrons and 
partly by gas ions. Positive gas ions are produced when molecules 
have one or more of their outer electrons removed, and negative ions 
are produced when the electrons become attached to other molecules. 
Gas ions, then, are similar to electrolytic ions, which have been studied 
in earlier chapters, but they are not governed by the usual valence 
rules. Mercury vapor, for example, can exist with 0, 1, 2, 3, 4, etc., 
charges. Furthermore, the electrolytic ions are present before the 
passage of the electric current, but the gas ions are produced chiefly by 
the current itself, the few original electrons and ions acquiring sufficient 
velocity in the electric field to collide with neutral molecules dislodging 
electrons from them and producing many more ions. The dark spaces 
in the discharge tube indicate the regions where the electrons have not 
yet developed sufficient kinetic energy to ionize or excite molecules. 
Light is produced when ions are discharged and electrons return toward 
their normal positions of lower energy level. As the pressure is further 
reduced, the luminous columns change in appearance, and below 
0.01 mm they disappear, and the glass wall opposite the cathode becomes 
luminescent. The color of this luminescence depends on the nature of 
the glass. It is produced by bombardment of the glass by negative 
particles or electrons driven out from the cathode. 

It was found that an opaque object placed in the path of the cathode 
rays casts a shadow and that the rays travel in straight lines from the 
cathode. A small paddle wheel was made to revolve by the cathode 
rays, thus showing that the rays possess mechanical energy. If a con- 
cave cathode is used, the rays can be focused on a piece of platinum or 
other material so as to produce incandescence, thus showing that the 
rays possess considerable energy which can be converted into heat. 
These cathode rays or electrons were found to penetrate very thin 
sheets of aluminum and other materials, the extent of the penetration 
depending on the density of the absorbing material and on the applied 
voltage. The electrical nature of these cathode rays was demonstrated 
by the fact that they were deflected in an electrostatic field toward the 
positive electrode, thus indicating a negative charge. Again, when a 
magnetic field was applied, they were deflected in a direction which indi- 
cated that negative charges were moving away from the cathode. 

Electrons. The experiments with cathode rays described in the pre- 
ceding section were followed by quantitative measurements of these 
negative particles or electrons which are now known to be the funda- 
mental units of electricity and which play a large part in the structuré 


ELECTRONS 619 


of atoms and in chemical reactions. The determination of the ratio of 
charge to mass of the electron, the charge of the electron, and the mass 
of the electron will be outlined briefly. 

In an evacuated tube shown in Fig. 146 electrons are emitted from the 
negatively charged cathode C and attracted to the positively charged 
anode A, which has a small hole in it. The beam of electrons passing 
through this hole is rendered still sharper by passing through holes in 
several screens which are carefully aligned, so that a sharply defined 
fluorescent spot of light F is produced on the glass scale S. A magnetic 


Fic. 146. Apparatus for measuring the ratio of mass to charge for an electron. 


field H, not indicated in the figure, is applied of such strength that the 
spot of light moves down the scale to G. The force pulling it down is 
equal to Hev where e is the charge and v the velocity of the electron. 
There is a centrifugal force equal to mv?/r where r is the radius of 
curvature of the deflected beam, tending to return the electrons to a 
straight path hitting the scale at F. As long as the spot of light stays at 
G, the two forces are equal, and 


mv 
Hey = — (1) 
r 
Then 
mv 
Hr = — (2) 
e€ 


An electrostatic potential E is now applied to the electrodes D and H 
which is just sufficient to return the spot of light to ¥. Then 


Ee = Hev (3) 
and 
y= — (4) 
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Both E and H are measured experimentally, and, thus, the velocity v 
can be determined. It is 6 X 10° cm per second when the potential dif- 
ference between A and C is 10,000 volts. If the value of v is substituted 
into equation 2, it is possible to obtain the ratio m/e. At low velocities 
it is 5.684 X 10~® g per electromagnetic unit, and at higher velocities 
approaching the velocity of light the mass increases and approaches 
infinity, as predicted by the theory of relativity. 

The charge on the electron was determined in the classic oil drop 
apparatus of Millikan * shown in Fig. 147. 


Fig. 147. Millikan’s apparatus for measuring the charge of the electron. 


A tiny droplet of oil is blown into a quiet thermostated air space be- 
tween two electrodes, and its rate of fall is carefully determined with a 
microscope and scale. The surrounding air is then ionized with an X-ray 
beam, and a potential is applied. The oil drop picks up electric charges 
by colliding with ionized molecules of oxygen or nitrogen and moves 
more rapidly. The potential can be reversed, thus reversing the direc- 
tion of the movement of the oil droplet. Since the speed of the move- 
ment is proportional to the number of charges, it is possible to calculate 
the magnitude of the charge by comparing the changes in velocity of the 
drop with the velocity when falling under the influence of gravity alone. 

Millikan observed that several different charges were quite commonly 
acquired by a single drop, but in every case the total charge was invari- 
ably an exact integral multiple of an elemental charge e. The value of 
é obtained in this way and corrected for recent measurements on the 
viscosity of air is 1.602 X 10719 coulomb or 1.602 X 107° electromag- 
netic unit. 

X Rays and Atomic Numbers. In 1895 Roentgen found that a cov- 
ered photographic plate was affected when placed near a tube in which 


* Millikan, Phys. Rev., 39, 349 (1911); 2, 109 (1913). 
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cathode rays were generated. The bombardment of the cathode rays 
on the walls produced radiation which he called ‘“X rays’’; this radia- 
tion was able to pass through objects which were opaque to ordinary 
light and act on photographic plates or produce fluorescence in certain 
crystals. These X rays were not deflected by an electrostatic nor an 
electromagnetic field and were, in fact, light rays of very short wave 
length. 

Moseley placed different elements as targets in an X-ray tube and 
determined the wave length of the X rays, using a crystal as a reflection 
grating (page 48). As the atomic weight of the element increased, the 
wave length of the X rays decreased. The X-ray spectrum was quite 
simple, involving two lines, close together. In the heavier elements a 
second series of characteristic X-ray lines was found, and these too 
became displaced in the direction of shorter wave lengths as the atomic 
weight increased. In the heaviest elements a third series of X-ray lines 
was found. These three series are known as the K, L, and M series, 
respectively, and the doublets are designated as alpha and beta lines. 
Moseley arranged the elements in increasing atomic weights, starting 
with hydrogen and counting the elements 1, 2, 3, 4, etc., as they occur 
in the periodic table. The frequencies v of the X rays were calculated 
by dividing the wave lengths of the X rays in centimeters into the 
velocity of light. When Moseley plotted the square root of these fre- 
quencies against the atomic number Z of the elements, he found that 
approximately straight lines were produced, as shown in Fig. 148. 

Expressed mathematically, 


4/v = constant X Z (5) 


This atomic number Z is a fundamental constant. It is equal to the 
positive charge on the nucleus of the atom which in turn is the same 
as the number of electrons surrounding the nucleus in the uncharged 
atom. 

The arrangement of elements according to their atomic numbers 
straightened out certain anomalies in the periodic table. Potassium 
follows argon, nickel follows cobalt, and iodine follows tellurium, in 
spite of the fact that classification by atomic weights puts them in the 
reverse order. The existence of nuclei with different weights but the 
same atomic number explains why this order is reversed and shows that 
the atomic number is a more fundamental property than the atomic 
weight. When Moseley prepared his table of atomic numbers in 1914, 
there were six gaps corresponding to six missing elements, but all of 
these have since been filled. Before the discovery of Moseley’s relation 
there was doubt concerning the number of rare earth elements because 
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the chemistry of these elements is so much alike. By referring to the 
graph of Fig. 148 it was found that, to make the line continuous, there 
should be 14 rare earth elements; also a homologue of zirconium between 
barium and tantalum. Thirteen of these positions could be filled from 
rare earth metals then known, and the homologue of zirconium was 
found later by Coster and Hevesy and called hafnium. 

The Discovery of Radium. Following Roentgen’s discovery of 
X rays, Becquerel studied the action of a number of fluorescent sub- 
stances on a covered photographic plate. He had considered the pos- 
sibility that those crystals which exhibited fluorescence under the action 
of X rays might emit X rays when caused to fluoresce by exposure to 
sunlight. Among the materials with which Becquerel experimented 
were salts of uranium and he found that a photographic plate brought 
near a fluorescent uranium salt was darkened by subsequent develop- 
ment, even though the photographic plate had been protected by an 
opaque cover. In carrying out a proper control experiment he was sur- 
prised to find that exposure to sunlight with the attendant fluorescence 
was not necessary for the action on the photographic plate. Further- 
more, uranous and uranic salts both gave similar photographic action, 
in spite of the fact that the uranous salts were not fluorescent. Here, 
then, was the discovery of a spontaneous emission from some substances 
of penetrating rays similar to X rays. ‘The phenomenon was called 
radioactivity. 

In a classic investigation Professor and Madame Curie carried out a 
systematic examination of uranium minerals and found that one of 
them, pitchblende, was considerably more radioactive than uranium 
itself. With this clue they separated from tons of pitchblende a trace 
of a substance which possessed great radioactivity. After extensive 
chemical purification and a great many recrystallizations Professor and 
Madame Curie discovered the element radium. 

Alpha, Beta, and Gamma Rays. The radiations emitted by the radio- 
active elements are of three kinds. The alpha particles have a mass 
equal to that of the helium nucleus and are shot out with a velocity about 
one-tenth that of light. They have a positive charge of two units and 
are deflected slightly in an electrostatic or magnetic field. They possess 
great ionizing power but relatively little penetrating power—only a few 
centimeters in air at atmospheric pressure. The beta rays consist of 
negatively charged particles moving with speeds varying from nine 
tenths of the speed of light to much lower velocities. Whereas the alpha 
particles emitted by a particular radioelement have a definite velocity, 
the corresponding beta-ray emission consists of a flight of particles hav- 
ing widely different speeds. The penetrating power of the beta rays is 
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conditioned by the speed of the particles, those which move most rapidly 
possessing the greatest penetrating power. The ionizing action of the 
beta rays is weaker than that of the alpha rays per unit length of path, 
but the total number of ions produced by an alpha particle and a beta 
particle of the same energy is about the same. The beta rays are greatly 
deflected by an electrostatic or magnetic field. The gamma rays con- 
sist of electromagnetic radiations like X rays, except that they come 
from the nucleus, whereas the X rays come from electron displacements 
outside the nucleus. Obviously, gamma rays cannot be deflected from 
a rectilinear path by either electric or magnetic fields. The relative 
penetrating power of the three rays are roughly in the order 1, 100, and 
10,000 for the alpha, beta, and gamma rays. 

When a current of air is passed through a solution of a radium salt, a 
small volume of a very radioactive gas is obtained. With the help of 
an extremely sensitive microbalance it was found to have an atomic 
weight of 222. This fact and the chemical inertness of the gas showed 
that it belonged to the group of rare gases of the zero group in the 
periodic table. It was given the name radon. 

Direct proof of the nature of alpha rays was obtained by an experi- 
ment in which a very thin glass bulb was filled with radon and some 
radium and then enclosed in an outer glass tube with suitable windows. 
The outer tube was evacuated and allowed to stand. After several days 
the spectrum of helium was observed in the outer vessel when an electric 
discharge was applied. In a control experiment the inner bulb was 
filled with pure helium under pressure, but no trace of helium gas could 
be detected spectroscopically. These experiments showed that the 
helium as such could not go through the thin glass walls, but that the 
alpha particles were able to penetrate the walls and after losing their 
velocities became helium atoms. The nuclear reaction for this proc- 
ess is: 

Ra — Rn-+ He 
The atomic weight of the original radium is 226, the atomic weight of 
radon is 222, and that of helium is 4. 

Measurement of Radioactivity. Action on a photographic plate 
through opaque paper constitutes one of the simplest qualitative tests 
for the radioactivity of a substance. This method can be used to 
reveal the distribution of a radioactive substance within an object, 
such as a mineral or a leaf. 

Some materials such as zinc sulfide become luminous when exposed 
to radiation from a radioactive material, and the intensity of this 
radioluminescence is roughly proportional to the radioactivity. When 
examined with a lens, the luminescence is seen to consist of a series of 
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scintillations caused by the bombardment of alpha particles on the 
zinc sulfide. Practical use of this phenomenon is made in luminous 
paints, which are used, for example, on watch dials. A low-grade mate- 
rial of feeble radioactivity is mixed intimately with zinc sulfide, and the 
resulting scintillations are so frequent as to produce a uniform glow to 
the unaided eye. 

A quantitative measure of radioactivity is obtained with ionization 
chambers. The radioactive material sends out radiations which ionize 
the surrounding gas, and, when an electrostatic field of the proper 
voltage is applied, the resulting current is a measure of the number of 
ions produced, which, in turn, is a measure of the radioactivity for a 
given species. The current is measured by means of an electrometer, or 
an electron-tube circuit. The most sensitive instrument is the Geiger— 
Miller counter, which can detect individual ionizing particles. It con- 
sists of a wire in the center of a metal cylinder enclosed in a tube with 
a suitable gas. The wire is maintained at a potential several hundred 
volts positive to the cylinder, and the entrance of an ionizing particle 
produces a momentary flow of current, multiplied by ionic collisions, 
which is amplified and caused to operate a counting dial. 

The Wilson cloud chamber provides important means for studying 
ionizing rays. The paths of individual alpha or beta particles or ejected 
electrons are rendered visible by shooting the particles into a chamber 
containing supersaturated water vapor. Each alpha particle produces 
about 100,000 gas ions, and each of these ions condenses a droplet of 
water. The alpha particles travel in straight lines and leave behind them 
a wake of water droplets which are illustrated schematically in Fig. 149. 
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Fia. 149. Cloud tracks showing alpha, beta, and gamma rays. 


Beta rays are more easily deflected, and their paths are quite crooked. 
Gamma rays or X rays release a large number of secondary electrons 
from the molecules which they strike. The energy of these secondary 
electrons is lower, and the paths are short and crooked. A photograph 
of alpha-particle tracks is shown in Fig. 156 on page 641. 
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Avogadro’s Constant. Since it has been proved that each alpha 
particle is transformed into a helium atom and since we can count the 
alpha particles and measure the volume of helium, we have at once a 
direct method for determining the number of molecules in a gram mol- 
ecule of helium, and this number is called the Avogadro constant. 


Example 1. Rutherford and Geiger found that radium emits 3.4 10° 
alpha particles per gram per second. Rutherford and Boltwood found that 
radium produces helium at the rate of 1.07 X 10~* ml per gram per day, meas- 
ured under standard conditions. What is the value of the Avogadro constant? 


22,400 


Lope to X Bt X 10” X 24 X 60 x 60 = 6.15 x 10% 


The direct counting of alpha particles combined with a measurement 
of the total charge of electricity carried by a large number of alpha 
particles gave a value of 3.1 X 10~'% coulomb per alpha particle. De- 
flection in an electrostatic field was in the direction which showed that 
the charge was positive. Since the fundamental unit of electricity (the 
charge on the electron) is 1.602 X 107!® coulomb, the alpha particle 
must carry two positive charges. 

The measurement of the charge on the electron gives a more accurate 
method for calculating Avogadro’s constant. 


Example 2. The charge on the electron is 1.602 & 10~!® coulomb. When 
water is electrolyzed, each electron releases an atom of hydrogen at the cathode, 
and 96,496 coulombs release 1.0076 g of hydrogen ions. What is the Avogadro 
number? 

For hydrogen ions, 


m _ 1.0076 ¢ 
é 96,496 coulombs 


= 1.044 X 10-5 g coulomb-! 


Since the charge on the hydrogen ion is the same as that of the electron, 
m = 1.0449 x 10-° X 1.602 X 10-! = 1.6739 x 10-* ¢ 


The Avogadro constant, the number of atoms in a gram atom or ions in a gram 
ion, then, is 
1.0076 


116730 x 10-8 = 9.025 x 108 


After the weight of a single atom of hydrogen has been established, 
the weight in grams of a single atom of any other element may be de- 
-termined by dividing its atomic weight by 6.02 1073. 

The mass of the individual electron can be determined also. On 
page 620 it was shown that m/e for the electron is 5.684 X 107° g per 
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eoulomb; for hydrogen it is 1.044 X 107°. Then 


m 
— (hydrogen ion 
vue Loss x 10-5 


ee ee ee ROY 
5.684 * 107° 


m 
— (electron) 
€ 


Since the charges are equal, the mass of the electron must be 1/1837 the 
mass of the hydrogen ion. Inasmuch as the weight of the latter is 1.0073, 
the weight of the electron on the atomic weight scale is 0.000549. 

Disintegration of the Radioelements. Most of the elements with 
atomic numbers greater than that of lead, 82, are unstable and undergo 
radioactive disintegration into lighter elements. This involves changes 
in the nuclei of the atoms, whereas ordinary chemical reactions involve 
changes only in the arrangement of atoms in molecules. The nuclear 
changes have energies of the order of 10° cal per mole and more, whereas 
molecular changes require energies of only 10* to 10° cal per mole. The 
energies involved in nuclear disintegrations are so great that the slight 
increases in energy produced by raising the temperature are entirely 
negligible, and, as a result, no detectable change in the rate of radioactive 
disintegrations has been observed in studies extending from liquid air 
temperatures to 1000°. 

Again the radioactivity of an element is unaffected by chemical 
combination with other elements. . 

It will be shown presently that radioactivity is not confined to the 
heavy elements; in fact, radioactivity has been produced in most of the 
elements. 

In all radioactive disintegrations the number of atoms disintegrating 
is proportional to the number present; and so radioactive decay always 
follows the first-order equation: 


dn 

dt 
and the number n of atoms (or gram atoms) remaining unchanged after 
time ¢ is given by the expression, 


b= P log — (7) 


kn (6) 


where 7o is the number at the beginning, when ¢ = 0. The exponential 
expressions are used more commonly than the logarithmic for studying 
radioactivity. Thus: 

n = noe“ (8) 
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When one radioactive element disintegrates, another may be formed, 
and the disintegration constant of the second radioelement is usually 
different from that of the first one. A series of consecutive first-order 
decompositions results which can be handled by the methods of dif- 
ferential equations, as illustrated on page 357. Radon is produced 
continuously by the disintegration of radium; and radon immediately 
disintegrates into another radioelement, radium A. The rate at which 
radon is produced from a quantity of radium is given by the expression 
kn, where n; is the number of radium atoms, and k, is the disintegra- 
tion constant of radium or the fraction disintegrating per unit of time; 
the rate at which it decomposes is given by the expression kan2, where 
Mg is the number of radon atoms and kz is the disintegration constant of 
radon. When the rate of production of a radioelement from its parent 
element is equal to its rate of disintegration into the next succeeding 
element of the series, the substance is said to be in radioactive equi- 
librium. Under equilibrium conditions, radon is decomposing at the 
same rate that it is being formed, and 


kyny = kyng 
Then, at equilibrium, 
ny >. ke bet 
Mg ky tye 
where ty, is the period of half-life or 0.693/k. 
If the life of the parent element is long compared with the life of the 
disintegration products, and if sufficient time is allowed for equilibrium 
to be attained, the ratio of the quantities of successive radioelements 
is the same as the ratio of their half-lives. It is evident that the short- 
lived elements cannot accumulate in large quantities, but because of 
their rapid disintegration they may contribute largely to the radio- 
activity of the total material. 


(9) 


Example 3. Radium loses an alpha particle and leaves a gaseous element, 
radon. For the radio disintegration of radium, ty = 1590 years and for radon 
ty = 3.82 days. How many milliliters of radon at 25° and 1 atm are in equi- 
librium with 1 g of radium? 


1g radium = s$¢ = 0.00442 gram atom 


NRa = hygra 


Men hygrn 


0.00442 1590 X 365.25 


NRn 3.82 
Man = 2.91 X 1078 gram atom 
ft, 298.1 
Volume radon = 2.91 X 10-8 X 22,414 x == (Nl S< 10st 


Pia Pee 
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When a short-lived radio element is removed from its long-lived 
parent, a new supply of the daughter element is regenerated, rapidly at 
first and then more slowly as the rate of decay of the daughter element 
increases, owing to the presence of the larger quantity which has ac- 
cumulated. Thus, when gaseous radon is pumped or swept out of a 
solution of a radium salt with a current of air, the radium loses some of 
the short-lived beta and gamma radioactivity but regains it as the radon 
and its further decay products are allowed to accumulate again. If 
the decay of the daughter element is given by equation 8, the accumula- 
tion of the daughter element and the recovery of the original activity 
is given by the equation: 

m = (1 — e—*) (10) 


There are several radioactive decay series, three of which are shown 
in Fig. 150. The atomic numbers are given at the right in each series. 


DISINTEGRATION SERIES OF THE RADIOELEMENTS 


Name Group At. Weight At. Number Name Group At. Weight At. Number Name Group At. Weight At. Number 


Uranium I Actinouranium yy 
4.5 x 10° years 7.1 x 108 years 


Uranium X, z Uranium Y Thorium 


. A 
24.5 days 2 24.6 hours 1.39 x 10! years 


Uranium Xo i OETA Vv. Mesofhorium 
1.14 minutes 3.2 x 10% years 6.7 years 


Uranium. IT 2 ini Mesothorium II 
2.7 x 105 years : bs 6.13 hours 
Tonium Radiothorium 
8.3 x 104 years - G27) 1.90 years 
Radium Thorium X 

1590 years ‘ 3.64 days 


Radon Thoron 
3.82 days 8.9 seconds 54.5 seconds 


Radium A Actinium A 
3.0 minutes 2x 10 seconds 


Radium B r Thorium B 
26.8 minutes 86.0 minutes 10.6 hours 


Radium C Actinium Cy Thorium C 
19.7 minutes Yj (C2) 2.16 minutes (@2) 60.5 minutes 


!\ Actinium co! vs 


81 
82 


83 


(Polonium) 7 

140 days & 
Radium G 

(End) 


Fia. 150. Disintegration series of the naturally radioactive heavy elements. 


The type of radioactivity alpha or beta rays is given in small circles, 
the half-life is written under the element, and the chemical properties 
are indicated by the roman numerals which give the group in the periodic 
table (page 665). 
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Fajans and Soddy placed these radioelements in the periodic table as 
shown in Fig. 151 and pointed out in 1913 that the emission of an alpha 
particle causes a radioactive element to shift its position in the periodic 
table two places in the direction of decreasing atomic weights, and the 
emission of a beta particle causes it to shift one place in the periodic 
table in the opposite direction. 

When an alpha particle with its mass of four and its two positive 
charges is emitted, the new nucleus weighs four units less and has two 


VilB 
{lodine] 


Zero 
[Xenon] 


a 


(Caesium] 
IIA 


240 240 
Fic. 151. The positions of the heavy radioactive elements in the periodic table. 


positive charges less. The charge on the nucleus is the atomic number, 
and, hence, the atomic number decreases by two. When a beta particle 
with its negative charge is emitted, there is no appreciable loss of mass, 
but the positive charges on the nucleus are increased by one; that is, the 
atomic number increases by one. 

A striking feature of this table is the fact that the decay series of 
uranium and thorium lead to the occurrence of several individual mem- 
bers of a group which occupy the same position in the periodic table 
and have the same chemical properties but have different atomic weights. 
These different substances having the same chemical properties but 
different atomic weights are called isotopes. 
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Mass Spectrometer. The positive ions in an electric discharge are 
repelled by the anode and move rapidly toward the cathode. If a 
tube with a perforated cathode is used, they will pass through the 
perforations into the space behind the cathode where their properties 
may be studied. These rays were called positive rays by Sir J. J. Thom- 
son, who used an ingenious method for the determination of the indi- 
vidual masses of the positively charged particles by sifting them out 
onto a photographic plate. The 
mass spectrometer for separating 
ions of different mass has been con- 
stantly improved until now the 
atomic masses of isotopes can be 
determined with much greater ac- 
curacy than the atomic weights can 
be determined by chemical means. 

The principle of the mass spec- 
trograph is illustrated in Fig. 152. 
A beam of positive ions is produced 
by bombardment of gaseous ions 
with electrons from a heated fila- 
ment at a definite potential and 
thrown out through the slits s; and 
Sg. The particles then pass through 
the electrostatic field X between EH; Fie. 152. Principle of the mass spec- 
and FH», at right angles to which trograph. 
there is also an_ electromagnetic 
field H. Only those ions which have a velocity equal to X/H will pass 
through slit s3; the others will all curve around so as to miss the exit 
slit. All ions that do get through have the same velocity, and they are 
curved around by a powerful magnetic field through an are of 180° so 
as to hit the photographic plate P. 

The radius of curvature of the ion beam represented by # is given 
by the relation: 


pemp ia (11) 
eH : 


Since the charge on the ion, the magnetic field, and the velocity are 
all constant, the radius or the position on the photographic plate is 
directly proportional to the mass. The plate is calibrated with ions 
of known mass. 

Care is necessary in the interpretation of results because the particles 
may have two or more charges, and there may be ionized fragments of 
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molecules, such as CH+, CH2*, and CH3*; or hydrides may be formed 
with impurities of hydrogen. 

Often it is important to know not only what isotopes are present but 
also their relative abundance. The blackening on a photographic plate 
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Cc cH CH, CH, ; 
O CH, 
(Aston) 


Positive ion current (galv. deflections) 


Atomic mass units 
Isotopes of ordinary lead 


Fia. 153. Isotopes of elements as determined with the mass spectrometer. 


is an approximate measure of the ions hitting the plate at a given posi- 
tion, but better results can be obtained with an electrical method in 
which all the ions entering a slit are caught in a chamber from which 
the charges leak off through an electric circuit. The feeble currents are 
amplified with electron tubes and read with a galvanometer. Instead 
of moving the slit along to intercept ion beams having different ratios 
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of m/e, it is simpler to change the accelerating voltage. The galva- 
nometer reading at a setting of a given isotope is a measure of the number 
of ions and the ratio of peaks in the ionization current is a direct measure 
of the ratio of the abundance of the isotopes. 

In Fig. 153 the first two mass spectrograms are taken from measure- 
ments of Aston on the isotopes of chlorine and the fragments of methane 
produced by the action of electrons on methane. 

The isotopes of chlorine 35 and 37 and the corresponding hydrides 
36 and 38 are clearly shown. In the second spectrogram the slight 
difference in mass between oxygen and methane is evident. 

In the lowermost figure, taken from the work of Nier,* the relative 
abundance of the different isotopes of lead is given by the heights of the 
peaks obtained when the galva- 
nometer deflections are plotted 
against the mass of the isotopes. 

The isotopes of cadmium are | 
shown in Fig. 154 as obtained by 
Professor A. J, Dempster f of the 
University of Chicago using a sen- 
sitive mass spectrograph. The dif- 
ferences in the two spectra are 
discussed later. 

The mass spectrometer devel- Fra. 154. 
oped by Nier is convenient for 
determining isotope ratios in tracer experiments. Metal chambers and 
slit systems are attached with special seals to a long tube of glass, with 
a curve in the middle which passes between the V-shaped poles of an 
electromagnet. Less than a milligram of material is needed for an 
analysis, and, when the spectrometer is operating properly, analysis 
may be made rapidly with an error of less than 0.1 per cent in the 
abundance ratio. 

Extensive use has been made of the mass spectrometer as an analyti- 
cal tool for following the separation of isotopes and for studying petro- 
leum reactions. Some of the fragments of organic vapors produced by 
thermal decomposition can be found with the mass spectrometer, par- 
ticularly if the ionization voltage for producing the ions is below the 
ionization potential of the undecomposed molecules. 

Occurrence of Isotopes. The development of the mass spectrograph 
as a precision instrument has led to the discovery of a large number of 
isotopes. The reference standard for chemical atomic weights is ordi- 
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Isotopes of cadmium. 


*Nier, J. Am. Chem. Soc., 60, 1572 (1938). 
+ Dempster, Phys. Rev., T1, 829 (1947). 


634 ATOMIC AND NUCLEAR STRUCTURE 


nary oxygen taken as 16, which is really a mixture of isotopes with the 
distribution 0! = 498.8: O17 = 0.2: O18 = 1. The reference standard 
for the mass numbers, obtained with the mass spectrometer, is the 
lightest isotope of oxygen O'%, It is a more definite standard than the 
ordinary oxygen in which the isotope ratios may change slightly, and it 
can be determined with greater accuracy than the chemical atomic 
weights, but in all chemical and physical-chemical calculations the 
chemical atomic weights are used. 


At144-5 


Fig. 155. Band spectra of carbon showing different spectra due to isotopes of carbon. 


Since the standard of atomic mass O!° is lighter than the mixture 
of oxygen isotopes, 1.000000 unit on the chemical or weight scale is 
equal to 1.000272 on the physical or mass scale. 

It has been known since 1913 that the atomic weight of lead can vary, 
depending on the source of the material. Lead obtained, for example, 
from a radioactive ore rich in uranium has a higher atomic weight than 
lead which is derived in part from the radio disintegration of thorium 
because the isotopes of lead from uranium are heavier. This situation 
may be understood by reference to Fig. 151. Moreover, it has been 
pointed out by Urey that in the lighter elements the atomic-weight meas- 
urements have about reached the limit of useful accuracy and that, if 
further accuracy is obtained, it will be necessary to take account of the 
concentration of isotopes which inevitably accompanies the chemical 
and physical operations of purification and analysis. 
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In Table III on page 640 are listed a few elements with their exact 
atomic masses obtained on the basis of mass spectrometer data together 
with the relative abundance of the different isotopes. 

The presence of oxygen isotopes having masses of 16, 17, and 18 was 
discovered by a study of bands in the absorption spectrum of the sun as 
its light passed through the atmosphere surrounding the earth. The 
heavier isotope of hydrogen, deuterium, was discovered by the appear- 
ance of a new neighboring line in the emission spectrum after con- 
tinued fractional distillation of hydrogen. The discovery of the heavier 
isotope of carbon, Cl’, is shown in Fig. 155. This spectrogram, repro- 
duced with the permission of the University of Chicago Press, was ob- 
tained by King and Birge * in carbon vapor at high temperatures. The 
band of lesser intensity due to the molecule C!? — C!? is plainly evident 
at the right. 

Concentration of Isotopes. The ratio of isotopes may be altered by 
fractional diffusion or evaporation, or by centrifuging, or, in fact, by 
any physical or chemical method which makes use of the difference in 
weights. It will be remembered that the relative velocities of molecules 
are inversely proportional to the square roots of the molecular weights. 
Effective concentration of small quantities of isotopes has been accom- 
plished in the lighter elements with a battery of mercury diffusion 
pumps operating in series. f 

One of the simplest methods for concentrating isotopes combines 
thermal diffusion and convection. When a vertical central wire or 
tube is maintained at a temperature 200 or 300° above the walls of 
a larger containing tube and allowed to stand, the heavier constituents 
of an enclosed gas concentrate at the bottom of the tube.f Bromine 
and air in a glass tube can be seen to separate within a few minutes. 
In such a tube 60 ft high filled with methane the carbon at the bottom 
of the tube becomes enriched with C'? in a few weeks from 1 per cent 
to several per cent, and by flowing a fresh supply of methane through 
slowly at the top it is possible to draw off at the bottom over 100 ml 
per day of the methane enriched with C12.§ 

Isotopes may be separated also by chemical means, although isotopes 
were originally thought to have identical chemical properties. The 
natural vibration frequency of atoms in a molecule depends to a slight 
extent on the mass of the atoms involved, and this vibration frequency 


* King and Birge, Astrophys. J., 72, 24 (1930). 

+ Hertz, Z. Physik, 79, 108 (1932). 

¢{ Clusius and Dickel, Naturwiss., 26, 546 (1938); 27, 149 (1938); Brewer and 
Bramley, Phys. Rev., 55, 590 (1939). 

§ Taylor and Glockler, J. Chem. Phys., 7, 850 (1939); 8, 843 (1940). 
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affects the “zero point energy,” or the energy requirement at the very 
bottom of the Morse curve shown in Fig. 141 on page 588. In other 
words, there is a very slight difference in the activation energies for 
chemical reactions involving the isotopes. In competing reactions, then, 
the heavier isotope should react somewhat more slowly. The difference 
is sufficient for complete separation in the case of hydrogen where the 
masses are 1 and 2, but there is a chance also for a slight concentration 
of isotopes in the other light elements. This slight difference in reac- 
tivity shows up also in the position of chemical equilibrium.* For 
example, the equilibrium constant for the reaction, 


N+5H3 (g) + N'4H4* (aq) = N™Hs3 (g) + N’°Hat (aq) 


is not unity; calculations show that it is 1.033. Thode and Urey t 
carried out experimental concentration of N° using this reaction in 
an effective column passing the ammonia gas up against a solution of 
ammonium nitrate flowing down. Concentration of N!° up to 72 per 
cent was obtained, and the experimentally determined value of K was 
1.023. It is now possible to purchase { ammonium nitrate containing 
30 per cent of the ammonium nitrogen as heavy nitrogen N!°. Heavy 
carbon C1? has been prepared by a similar method, using HCN gas 
and NaCN solution. 

The separation of isotopes has been considered as a very difficult 
laboratory operation, but during the last few years uranium 235 has 
been separated from uranium 238 on a large scale by two different 
methods. In one method the principle of the mass spectrometer was 
used. A volatile compound of uranium was ionized and shot out as 
streams of charged particles which were then separated by the differ- 
ences in deflection in the field of a very large electromagnet. 

In the second method the uranium compound was allowed to diffuse 
through small holes in special barrier plates, the uranium 235 compound 
diffusing at a slightly faster rate than the uranium 238 compound. Con- 
tinuous operations with special machinery, on a very large scale, resulted 
in the accumulation of uranium 235. 

Stable isotopes of many of the elements have been separated by the 
electromagnetic method and are available for research throughout the 
world.§ 


* Urey and Greiff, J. Am. Chem. Soc., 57, 321 (1935). 

t Thode and Urey, J. Chem. Phys., 7, 34 (1939). 

t Eastman Kodak Co., Rochester, N. Y. 

§ They can be rented at a nominal price from the U. 8. Atomic Energy Commission 
at Oak Ridge, Tenn. 
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It is likely that all the slight differences in chemical behavior of 
isotopes, which makes their separation possible, have not yet been 
explored. The kinetic method, utilizing competing reactions which 
are not in equilibrium, should be investigated. 

A simple and effective means of separating the isotopes of hydrogen 
in these competitive reactions was found in the electrolysis of water.* 
Hydrogen contains 1 part of H? in about 5000 parts of H?, and, if most 
of the water in a given sample is electrolyzed away, the residue of water 
containing the last hydrogen to come off in the electrolysis is much 
richer in H?.t+ 

The properties of this heavy isotope of hydrogen are so different 
from ordinary hydrogen that a special name was assigned to it—deu- 
tertum, the symbol for which is D. The process on a large scale now 
provides practically pure D2O at about 50 cents per gram. 

The properties of water and heavy water are compared in Table I. 


TABLE I 


Prorertiges of D2O anv H.O 


: _ Ss os 
Specific | Freez- ns ek Surface | Viscosity Dicke Refrac olay. 
: Boiling | Vaporiza- : 3 tric WoL NaCl 
Gravity nas Point tion per Sopeion zo Con. ee grams per 
° : ° 3 z 20 
os eT Mole = pes stant dex cory 1000 g 
D2O} 1.1059 | 3.82° | 101.42° 9960 67.8 12.6 80.5 1.32844 305 
H2O} 0.9982 | 0.00 100.00 9700 72.75 10.09 82.0 1.33300 359 


The Neutron. In 1932 the neutron was discovered by Chadwick. 
Previous investigators had bombarded light elements with alpha parti- 
cles and obtained ionization effects at great distances. The nature of 
these penetrating radiations was in doubt. Chadwick bombarded 
beryllium with alpha particles and showed by the great penetration, by 
the failure to produce cloud tracks, and by the failure to be deflected 
in a magnetic field that the effects were produced by an uncharged 
particle having the mass of the hydrogen atom. Moreover, these parti- 
cles were absorbed by paraffin and other hydrogen-containing materials, 
whereas they would penetrate many substances of much greater density. 
This specific absorption indicated a new unit of matter with new prop- 
erties. This unit, called the neutron, had been predicted by Rutherford 
and by Harkins. - 


* Washburn and Urey, Proc. Natl. Acad. Sci., 18, 496 (1932). 
+ Lewis, J. Am. Chem. Soc., 55, 1297 (1933). 
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Neutrons can be detected by the ionizing particles which are pro- 
duced when they are absorbed by the nuclei of certain atoms, such as 
boron. An ionization chamber can be filled with a volatile boron com- 
pound, or a solid boron compound can be used as a target in a Geiger— 
Miiller counter. The amount of ionization measured is directly propor- 
tional to the number of neutrons which are absorbed by the boron target. 

The neutron has approximately the mass of a hydrogen atom or pro- 
ton, but it has no charge. Owing to the absence of an electric charge, it 
is much more penetrating than alpha particles or beta particles. The 
neutrons suffer collision with atoms and acquire velocities which can be 
calculated on the basis of the Maxwell—Boltzmann theory, with a dis- 
tribution which depends on temperature in the same way that the 
distribution of molecular velocities depends on temperature. When 
neutrons are emitted in fission (page 656), they may have very great 
velocities, corresponding to millions of electron volts. Their velocities 
are quickly reduced to those prevailing at room temperature by colli- 
sions with surrounding atoms, the light atoms with masses not greatly 
different from that of the neutrons being the most effective. 

Neutrons are absorbed by many different elements and isotopes. The 
efficiency of absorption is highly specific, as illustrated by the fact that 
neutrons will pass through deuterium compounds easily, but they are 
readily absorbed by hydrogen compounds. 

Nuclear Units. Rutherford found that, when alpha particles were 
passed through a thin sheet of metal, most of them continued their 
straight paths, but occasionally an alpha particle would suffer a large 
deflection. Remembering that these alpha particles, with a mass four 
times that of a hydrogen atom, are traveling with one-tenth the velocity 
of light, he calculated that the large deflections cannot be explained on 
the basis of uniform distribution of matter but must be due to a colli- 
sion with material of greater density than anything which had hereto- 
fore been imagined. He came to the conclusion that the mass of the 
atom must be centered in a nucleus occupying a very small volume. 
Another line of evidence for atomic nuclei came from the hypothesis of 
Bohr in 19138. It was shown on page 570 that the lines of the hydrogen 
spectrum can be accurately predicted on the assumption of an electron 
moving around a central charged nucleus in elliptical orbits. The ini- 
tial success of this model was so great in interpreting the spectral lines 
in many elements that the idea of an atomic nucleus of great density 
became well established. 

Our knowledge of the composition of the nucleus and the fundamen- 
tal units of which matter is composed was greatly advanced in 1932, 
when, as already explained, the neutron was discovered. In the same 
year, the positron was discovered by Anderson, during an examination 
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in a cloud chamber of particles emitted during the bombardment of a 
gas by cosmic rays. A powerful magnetic field of known strength was 
placed across the chamber, and cloud tracks were obtained with such 
a large curvature that the particle producing the track could have a 
mass only of 0.000549 on the atomic weight scale, that is, the mass of 
an electron. But the curvature was in the wrong direction. In previous 
experiments, there was no way of telling in which of the two directions 
along the cloud track the particle was traveling. In this particular 
experiment the particle passed through a thin lead sheet, and a photo- 
graph was taken at right angles to the sheet. It showed the curvature 
of the path on one side to be greater than that on the other, and, hence, 
the particle was traveling through the lead in the direction pointing 
to the greater deflection (lower velocity). The observed curvature 
in the magnetic field could be explained only on the assumption that 
the particle was charged positively. There has been abundant proof of 
the occurrence of these positively charged ‘‘electrons.” 

Also in 1932 Urey discovered the heavy isotope of hydrogen H? or 
deuterium. The nucleus of this atom has a mass of 2 and one positive 
charge and is called the deuteron. The meson has a mass about 200 times 
that of the electron. It is produced from nuclei by cosmic rays or by 
particles of extremely high energy. 

Our building blocks of all matter then are given in Table II. Although 
electrons and positrons are given off when certain atomic nuclei disinte- 
grate, they do not necessarily exist in the nuclei as separate entities. 


TABLE II 
Primary Units 


Unit Symbol Mass ! Charge 
Proton ” Dp 1.007582 =e 
Electron Cab 0.000549 — 
Neutron n 1.00893 0 
Positron eee 0.000549 sis 
Deuteron d 2.014176 Sta 
Alpha particle a 4.002763 2+ 
Meson 40.1 


1 On the physical scale. 
? The mass of the hydrogen atom is 1.007582 + 0.000549 = 1.00813. 


The nuclei of the atoms are composed of protons and neutrons. The 
number of protons in the nucleus is the atomic number, which deter- 
mines the chemical properties. The sum of the protons and the neutrons 
gives approximately the mass of the nucleus. The mass of the atom is 
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slightly greater than that of the nucleus on account of the presence of 
the electrons which surround the nucleus—0.000549 on the atomic 
weight scale for each electron. The number of electrons is equal to the 
atomic number. 

A given element may be composed of several different isotopes, each 
having the same number of protons and, hence, the same nuclear charge 
and atomic number, but different numbers of neutrons and, hence, dif- 
fering atomic masses. The atomic weight of the element is a weighted 
average of the masses of all the isotopes of which the element is com- 
posed. 

These fundamental relations are illustrated in Table III. Not all the 


TABLE III 
ComposiTIon or Some Atomic Nuc ier 
Atomic Atomic 
Spine Number Number of Atomic Abun- | Weight of 
Element bol (Number | Protons + Num-| Mass of dance, Element, 
of ber of Neutrons | Isotope per cent | Chemical 
Protons) Scale 
Hydrogen | jH! 1 1 1.0081 99.98 1.0080 
Deuterium | ,H? 1 1 dt = S2 2.0147 0.02 
Tritium 1He 1 Teo De eS 3.0170 | unstable 
Lithium 3Li® 3 3+3= 6 6.0170 diag) 6.940 
3Li! 3 347 7 7.0182 92.5 
Carbon ACH 6 6+6= 12] 12.0038 98.9 12.010 
qow 6 6+7= 13] 138.0075 lan 
pCl4 6 6+8= 14] 14.0077 | unstable 
Nitrogen | 7N® 7 7+6= 13] 13.0099 | unstable 
7N4 7 @+7= 14) 14.0075 99 .62 14.008 
7N¥ 7 7+8= 15] 15.0049 0.38 
Oxygen. golé 8 8+8= 16] 16.0000 99.76 16.000 
30" 8 8+9= 17] 17.0045 0.04 
308 8 8+10= 18] 18.0049 0.20 
Chlorine 17C1® 17 17 +18 = 385] 34.9787 75.4 35.457 
17Cl?? 17 17 + 20 = 37) 36.9775 24.6 
Copper o9Cu® 29 29+ 34= 63 63 70.13 63.54 
agCu® 29 29 -+- 36 = 65 65 29.87 
Lead gaPb26 82 82 + 124 = 206 206 23.6 207.21 
ggPb207 82 82 + 125 = 207 207 220 
3aPb708 82 82 + 126 = 208 208 52.3 
Uranium | 92.U?4 92 92 + 142 = 234 234 0.005 | 238.07 
927% 92 92 + 143 = 235 235 0.72 
92238 92 92 + 146 = 238 238 99.27 
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isotopes are shown in this table. For example, in addition to the two 
stable isotopes 35 and 37, chlorine has four unstable isotopes, which 
can be produced in the laboratory, each with 17 protons and the follow- 
ing number of neutrons: 16, 17, 19, 21. Most of the known isotopes are 
recorded in Table VI on page 647. 

Transmutation. It was known that the heaviest metals disintegrate 
spontaneously, and attempts were made to disintegrate other elements 
by artificial means. Alpha particles 
with their enormous kinetic energy 
were used successfully as missiles by 
Rutherford and Chadwick in 1921 to 
disintegrate nitrogen atoms. The 
alpha particles have a definite range 
in nitrogen of about 7 cm, but some 
flashes of light, apparently due to 
the impact of fast-moving particles, 
could be detected on a sensitive 
screen at much greater distances. 
Deflections in a magnetic field indi- 
cated that the particles which caused 
these scintillations were protons. 
It might be expected that, if an 
alpha particle hits a hydrogen atom 
squarely, the hydrogen atom with 
a mass one fourth as great could 
a Osea ly He Ty te Fic. 156. Disintegration of nitrogen 
28cm. As a matter of fact, in pure nucleus by alpha particle as shown by 
nitrogen, flashes were detected up to cloudiasees 
a distance of 40 cm. Such a great 
range was explained on the hypothesis that the nucleus of the nitrogen 
atom is actually altered by the collision with the alpha particle, and 
intra-atomic energy is released which drives the proton out with great 
additional force. Several other light elements such as boron and fluorine 
were disintegrated in the same way. 

An actual disintegration of a nitrogen nucleus by bombardment 
with an alpha particle is shown in Fig. 156 taken from an early photo- 
graph by Professor W. D. Harkins of the University of Chicago.* This 
photograph is one of some 34,000 photographs of the cloud tracks of 
alpha particles. Most of the tracks are straight lines, as indicated 
schematically in Fig. 149 on page 625, but the second track from the 
left just below the middle of Fig. 156 shows a sharp deflection to the 


* Harkins and Shadduck, Proc. Natl. Acad. Sci., 12, '709 (1926). 
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left and a very faint horizontal line (visible in the original). In this 
rare collision the alpha particle made a direct hit on the nucleus of the 
nitrogen atom, and the new nucleus is unstable, with the result that a 
proton is expelled horizontally to the right, and the remaining stable 
nucleus, probably O01" goes off toward the left. A measurement of the 
angles of branched tracks of this type permit calculations of the energies 
released. 

The study of the atomic nucleus received a great impetus when pro- 
jectiles other than alpha particles were used for bombardment. Protons 
or deuterons, traveling at enormous velocities under potentials of a 
million volts and more, are effective in disintegrating nuclei. Several 
different types of apparatus are used for the acceleration. In the cyclo- 
tron, developed by Lawrence at the University of California, the ions 
are subjected to a moderately high voltage and guided around a spiral 
path by a powerful magnetic field. The voltage is altered at just the 
right frequency so that the ions (protons, deuterons, or helium nuclei) 
are accelerated each time they make one half-circle, and the applied 
voltage is thus cumulative. As the projectiles attain higher and higher 
voltages they move in circles of increasing radius, and, when they reach 
the outer edge of the apparatus, they are deflected by an electric field 
against a target of the material which is to be bombarded. 

In the electrostatic generator, a rapidly moving belt carries electricity 
from charged points to a cylindrical or spherical electrode until a very 
high steady voltage is reached. The difficulties of insulation have been 
solved by placing the whole apparatus in a large steel tank containing 
gas at several atmospheres pressure to increase the resistance against 
sparking.* A series of metal hoops is arranged to give a gradual change of 
potential along an evacuated tube, within which the ions are accelerated. 

The electrostatic generator gives energies up to about 6 million 
volts, and it is especially useful for carrying out nuclear transformations 
at definite and controlled voltages. 

In Fig. 157 the intensity of gamma-ray radiation is plotted against 
voltage when the nuclei of fluorine atoms are bombarded with protons. t 
Calcium is not transmuted by protons at these voltages, and so calcium 
fluoride is used as the target. The peaks in the voltage-excitation curve 
correspond to stable energy ievels in the nucleus. Their resemblance to 
the peaks in the ionization potential curves of atoms shown in Fig. 134 
on page 577 is evident. Energy changes in the extranuclear electrons 
involve a few volts, whereas changes in the nucleus of an atom usually 
require voltages of the order of a million electron volts or more. 


* Herb, Parkinson, and Kerst, Phys. Rev., 51, 76 (1937). 
} Bernet, Herb, and Parkinson, Phys. Rev., 54, 398 (1938). 
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Several cyclotrons have been built with energies which give to the 
bombarding protons, deuterons, or helium ions energies up to 20 million 
electron volts. Recent developments have resulted in the successful 
operation of a cyclotron 184 in. in diameter, which produces bombard- 
ing particles with energies up to 200-million-electron-volt deuterons or 
400-million-electron-volt alpha particles from helium. 
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Fig. 157. Energy levels in the nucleus of fluorine. 


The transmutation of elements can be brought about as just explained 
by giving enormous velocity to charged particles, protons, deuterons, 
and helium ions so that they can penetrate the surrounding layers of elec- 
trons and reach the nucleus of the atom. 

The nucleus can be reached, however, much more easily by neutrons, 
because they do not have an electric charge. The shells of electrons, 
then, do not constitute a strong barrier against these neutral neutrons. 
Accordingly the neutrons attach quite readily to atomic nuclei of many 
isotopes of the elements and bring about a variety of transmutations. 

Fermi, in Italy in 1935, exposed most of the elements in the periodic 
table to neutrons and obtained a large number of new isotopes. 

Neutrons for these transmutations can be produced by mixing radium 
compounds with beryllium compounds or by bombarding beryllium or 
lithium targets with a beam of fast deuterons from a cyclotron or an 
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electrostatic generator. These sources of neutrons give only small 
amounts of new isotopes, but, with the vast new sources of neutrons 
from nuclear chain-reacting piles described on page 657, the way has 
been opened now for the production of much larger quantities of trans- 
muted elements and isotopes. 

Gamma rays of very high energies liberated from certain nuclear 
reactions are able to bring about nuclear reactions similar to photo- 
chemical reactions. Cosmic rays coming from interstellar space are 
also able to effect nuclear transmutations. 

The concentration of radioactive elements may be facilitated if the 
nuclear reaction produces also a chemical reaction which permits a 
separation from the original material, as was pointed out first by Szil- 
lard and Chalmers. For example, when a bottle of ethyl bromide is 
exposed to neutrons, the bromine atoms which are rendered radioactive 
are broken away from their organic linkages and can be extracted with 
water containing a little alkali. In this way the ratio of radioactive to 
normal bromide is greatly increased in the aqueous solution. 

Nuclear Reactions. In 1932, Irene Curie, daughter of the discoverers 
of radium, with her husband, F. Joliot, discovered that ordinary light 
elements can be made radioactive. They bombarded boron and alu- 
minum and other light elements with alpha particles and obtained an 
emission of positrons which continued after the excitation by the alpha 
particles had ceased. 

With magnesium the reaction is 


24 4 COAT 
i2Mg “ge => eid + ont 


The silicon produced from the magnesium is radioactive with a half- 
life of 4 seconds and gives off positrons, leaving a stable isotope of 
aluminum according to the reaction: 


18i?7 > ,3AP7 + Br 


In writing nuclear reactions it is necessary to balance them with 
respect to mass and charge. In other words, the sum of the super- 
scripts (mass numbers) on the left must be equal to the sum of the 
superscripts on the right; and the sum of the subscripts (atomic numbers) 
on both sides must be equal also. 

Most artificial radioelements emit electrons (8) or positrons (8*), 
but other types of decay also occur. In some cases a given isotope 
may undergo disintegration by one of two or even three different proc- 
esses. 

Some isotopes involve the nuclear process known as K-electron 
capture, in which an externai electron from the shell nearest the nucleus, 
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the K shell, enters the nucleus, causing the atomic number to decrease 
by one unit. The filling of the vacancy in the K shell by other electrons 
causes the emission of X rays from the atom. 

Frequently, the emission of a particle, capture of an electron, or 
other nuclear process leaves a nucleus in an unstable condition, and it 
acquires a state of greater stability by the immediate emission of one 
or more gamma rays. Occasionally, however, such a higher-energy 
state may be metastable, which leads to the existence of nuclear isomers 
having the same atomic weight as well as the same atomic number. For 
example, the bromine isotope 3;Br®° characterized by a half-life of 4.4 
hours emits gamma radiation without loss of either mass or charge, the 
isomeric transition resulting in the isotope having a half-life of 18 minutes. 

Sometimes associated with gamma radiation are so-called conversion 
_ electrons. The nucleus interacts with an outer electron and expels it 
with high speed instead of emitting a gamma ray. Such a process leaves 
the atom in an excited state of high-energy content, which often results 
in chemical reactivity. In such cases as 35Br°°, where the product is 
radioactive, its chemical nature may be traced by its radioactivity. 

The processes by which radioelements are produced fall into a few 
general types. The reaction, 


12Mg”* + ga* — 148i? + on? 
is an example of the type reaction: 
gX™ + 20% — 242Y™T* + on! 
A simplified notation for the same reaction is 
Mg**(a, n)Si?” 


where the first symbol in the parentheses is the bombarding particle, 

and the second is the emitted particle. A few examples of nuclear 

reactions are given in Table IV, and a summary of the principal types 

is given in Table V. 
TABLE IV 


TypicaL NucuearR REACTIONS 


General Reactions Example Notation 
aX™ + ont — g¥™*? + oy? osMn® + gn’ — osMn*® + oy? Mn**(n, y)Mn** 
gX™ + yp! > 241¥™ + ont 3Li’ + yp! > «Be! + on! Li'(p, n)Be? 
ZX™ + oat > 241Y™ 43 + yp! apa 4 gat — o1S8e% + ip! Ca¥(a, p)Se* 


gX™ 4d? = pines + Qn ‘ soTe!80 +. id? > 531130 +. Qont Te!30(q, 2n) [130 
ZX™ + gnt > z2¥™~? + 204 — a7Co*® + on! — o5Mn5® + oat —Co®*(n, a) Mn*® 
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TABLE V ° 


PRIncIipAL NucLEAR REACTIONS 


Neutron Deuteron Proton Alpha Photonuclear 
Reactions Reactions Reactions Reactions Reactions 
n, ¥ d, p p, n a, 2 Y, n 
mn, 2n d,n Pp; Y a, Dp 
n, p d, a Pp, @ 
Nn, a d, 2n 


A good demonstration of the nuclear reaction produced by neutrons 
was shown in Fig. 154 obtained by Professor A. J. Dempster, of the 
University of Chicago. The upper mass spectrogram of ordinary cad- 
mium shows isotopes 111, 112, 113, and 114. The lower spectrogram 
was obtained from surface scrapings of cadmium that had been exposed 
to neutron irradiation for a long time in an atomic pile, page 657. The 
neutron reaction 1s BC? en = goal 

The concentration of Cd!!° in the mixture of cadmium isotopes has 
been reduced from 12.3 to 1.6 per cent, and that of Cd?1* has been in- 
creased from 28 to 39 per cent. Within the accuracy of the measure- 
ments the gain of cadmium 114 is practically equal to the loss of cad- 
mium 113, whereas there has been very little change in the concentra- 
tions of the other isotopes. Cadmium 113 has a very great absorption 
for neutrons, so great, in fact, that cadmium is used in various experi- 
ments where it is desired to screen out neutrons having low velocities. 

In Table VI are listed most of the stable and unstable isotopes.* The 
symbols of the elements and their atomic numbers are given in the first 
two columns. The next column gives the mass numbers of the isotopes 
with the approximate per cent of abundance of the isotope in the natu- 
rally occurring element. The last column gives the mass numbers of the 
unstable radioactive isotopes followed in parentheses by the type of 
decay a, B-, 8 or y and by K for K-electron capture, IT for isomeric 
transition, and C for internal conversion electron. The half-life of the 
isotope is given in seconds s, minutes m, days d, or years y. 

The atomic number is the number of protons in the nucleus and the 
mass number is the sum of the protons and neutrons in the nucleus. 
Accordingly, the number of neutrons in any isotope can be obtained 
by subtracting the number of protons from the mass number. 

* A complete table has been prepared by Seaborg, Rev. Mod. Phys., 16, 1 (1944). 


A chart prepared by Segre can be purchased from the Addison Wesley Press, Inc., 
Cambridge, Mass. 


A summary of nuclear data for 1947 has been compiled, Nucleonics, 2 (5), 82-186 
(1948). 


Ti 


Cr 


21 


22 


23 


24 


NUCLEAR REACTIONS 


' TABLE VI 


647 


STABLE AND UNSTABLE ISOTOPES OF THE ELEMENTS 


Stable Isotopes 
(Per Cent Abundance) 


1 (99.98); 2 (0.02) 
3 (4 10-5); 4 (100) 
6 (7.5); 7 (92.5) 

9 (100) 

10 (18.4); 11 (81.6) 
12 (98.9); 13 (1.1) 


14 (99.62); 15 (0.38) 
16 (99.76); 17 (0.04); 18 (0.20) 
19 (100) 


20 (90.00); 21 (0.27); 22 (9.73) 
23 (100) 


24 (77.4); 25 (11.5); 26 (11.1) 
27 (100) 


28 (89.6); 29 (6.2); 30 (4.2) 
31 (100) 


32 (95.1); 33 (0.74); 34 (4.2) 


35 (75.4); 37 (24.6) 


36 (0.307); 38 (0.061); 40 (99.6) 


39 (93.38); 41 (6.61) 


40 (96.96); 42 (0.64); 43 (0.15); 
44 (2.06); 46 (0.0033); 48 (0.19) 
45 (100) 


46 (7.95); 47 (7.75); 48 (73.5); 
49 (5.51); 50 (5.34) 
51 (100) 


50 (4.49); 52 (83.78); 53 (9.43); 
54 (2.30) 


Radioactive Isotopes 
(Radiation; Half-life 4) 


3 (8-, ~31y) 

6 (B-, ~0.8s) 

8 (8—, 0.888) 

7 (y, 48d); 10 (8~, >10°y) 

12 (6, 0.02s) 

10 (Bt, 88s); 11 (Bt, 20.5m); 
14 (8-, 4700y) 

13 (ty, 9.93m); 16 (By, 8s) 

15 (@T, 126s); 19 (8—y, 31s) 

17 (Bt, 70s); 18 (Bt, 112m); 
20 (By, 12s) 

19 (B+, 20.3s); 23 (87, 40s) 

21 (?, 288); 22 (6ty, 3.0y); 
24 (B—y, 14.8h); 25 (B-y, 62s) 

23 (gt, 11.68); 27 (8~y, 10.2m) 

26 (8*, 7.0s); 28 (By, 2.4m); 
29 (8—, 6.7m) 

27 (BT, 4.98); 31 (87, 170m) 

29 (B+, 4.68); 30 (8+, 2.55m); 

32 (B-, 14.30d); 34 (6-7, 12.48) 

SIVGh, B.2s)orse (Gz bSectd): 
37 (8-7, 5m) 

33 (at, 2.48); 34 (+, 33m); 
36 (Bt KB, >10%y); 

38 (B-y, 37m) 

35 (Bt, 1.888); 
41 (877, 110m) 

38 (Bt,7.7m); 

40 (8-7 K, 4 X 10%y); 
42 (By, 12.4h); 43 (8—, 18m) 

39 (B+, 1.06s); 45 (87, 180d); 
49 (By, 2.5h); 49 (B—, 30m) 

41 (B+, 0.878); 48 (8+, 3.92h); 
44 (IT y, 2.444); 44 (+7, 3.9h); 
46 (By, 85d); 47 (By, 68h); 
48 (8~, 44h); 49 (8—, 57m) 

45 (s+, 3.08h); 45 (2, 21d); 
51 (By, 6m); 51 (By, 72d) 

48 (Bty, 16d); 49 (87, 33m); 
49 (K, 600d); 50 (8+, 3.7h); 
52 (By, 3.9m) 

49 (Bty, 42m); 51 (KyC, 26.5d); 
55 (?, 2h) 


37 (K, 34d); 


1y = year, d = day, h = hour, m = minute, s = second 
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TABLE VI (Continued) 
SraBLE AND UNSTABLE ISOTOPES OF THE ELEMENTS 
Ele- | At. Stable Isotopes Radioactive Isotopes 
ment | No. (Per Cent Abundance) (Radiation; Half-life +) 
Mn 25 | 55 (100) 51 (6+, 46m); 52 (ty, 21m), 
(Bty, 6.5d); 54 (Ky, 310d); 
56 (8~y, 2.59h) 
Fe 26. | 54 (6.04); 56 (91.57); 57 (2.11);|53 (87, 8.9m); 55 (KC, 4y); 
58 (0.28) 59 (By, 47d) 
Co 27 | 59 (100) 55 (Bty, 18.2h); 56 (Bty, 72d); - 
57 (Bt, 270d); 60 (B~y, 5.3y); 
(8 y, 10.7m) 
Ni 28 | 58 (67.4); 60 (26.7); 61 (1.2); |57 (6, 36h); 59. (BT, 15:09); 
62 (3.8); 64 (0.88) 65 (By, 2.6h) 
Cu 29 | 68 (70.13); 65 (29.87) 58 (pt, 7.9m); 60 (6T, 81s); 
61 (8+, 3.4h); 62 (BT, 10.5m); 
64 (8TB_, 12.8h); 66 (8, 5m) 
Zn 30 |64 (50.9); 66 (27.3); 67 (3.9);|63 (Bt, 38m); 65 (BTy, 250d); 
68 (17.4); 70 (0.5) 69 (y, 13.8h); (8°, 57m); 
72 (8 y, 49h); 73 (8, 2m) 
Ga 31 | 69 (61.2); 71 (88.8) 64 (6+, 48m); 65 (KC, 15m); 
66 (BT, 9.4h); 67 (KyC, 83h); 
68 (8*, 68m); 70 (B~y, 20m); 
72 (By, 14.1h); 73 (67, 5h); 
74 (87, 9d) 
Ge 32. | 70 (21.2); 72 (27.3); 73 (7.9); 71 (KC, 11d); (gt, 40h); 75 (6-7, 
74 (87.1); 76 (6.5) 89m); 77 (By, 12h); 78 (B77, 
2.2h) 
As 33 | 75 (100) 72 (8+, 26h); 73 (KC, 90d); 
(gt, 50h); 74 (8 Bt y, 16d); 
76 (8+ 8~-y, 26.8h); 77 (B~, 40h); 
78 (By, 80m); 81 (8—, 10m) 
Se 34 | 74 (0.9); 76 (9.5); 77 (8.3); 75 (y C, 115d); 81 (7, C, 57m) 
78 (24.0); 80 (48.0); 82 (9.3) (8—, 19m); 88 (8~y, 30m); 
84 (87, 2m) 
Br 35 | 79 (50.6); 81 (49.4) 78 (Bty, 6.4m); 80 (C, 4.4h) 
(B-y, 18m); 82 (By, 34h); 
83 (8, 140m); 84 (B-, 33m); 
85 (8, 3m); 87 (8—, 50s) 
Kr 36 | 78 (0.35); 80 (2.01); 82 (11.53); | 79 (Bt, 34h); 81 (vy, 13s) (7, 55s); 


83 (11.58); 84 (57.11); 86 (17.47) 


83 UT C, 113m); 85 (B~y, 4s) 
(B~, 10y); 87 (6-, 3h); 

88 (B87, 3h); 89 (6°, 2.7m); 
90 (8, 33s); 91 (67, 5.7s); 

92 (6, 1.5s); 94 (1.48); 

95 (8, 2s); 97 (8, Short) 


'y = year, d = day, h = hour, m = minute, s = second 


Sr 


Zr 


Nb 


Ru 


38 


39 


40 


41 


42 


43 


44 
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TABLE VI (Continued) 


STABLE AND UnsraBLE Isorores or THE HLEMENTS 


Stable Isotopes 
(Per Cent Abundance) 


Radioactive Isotopes 
(Radiation; Half-life ') 


85 (72.8); 87 (27.2) 


84 (0.56); 86 (9.86); 87 (7.02); 
88 (82.56) 


89 (100) 


l 


90 (48.0); 91 (11.5); 92 (22.0); 
4 (17.0); 96 (1.5) 


93 (100) 


92 (14.9); 94 (9.4); 95 (16.1); 
96 (16.6); 97 (9.65); 98 (24.1); 
100 (9.25) 


96 (5.68); 98 (2.22); 99 (12.81); 
100 (12.70); 101 (16.98); 
102 (31.34); 104 (18.27) 


86 (By, 19.5); 
87 (By, 6.3 X 10/°y); 
88 (8-, 17.5m); 89 (B~y, 15m); 
90 (6-, Short); 91 (67, Short); 
92 (8, 80s); 94 (6 -, Short); 
95 (8~, Short); 97 (6—, Short) 

85 (y, 65d) (y, 70m); 87 (y, 2.7h); 
89 (B,~ 55d); 90 (8~, 25y); 

91 (By, 9.7h); 92 (B-, 2.7h): 
94 (B-, 7m); 95 (87, 2m); 
97 (6, Short) 

86 (y, 105d); 87 (Cy, 14h) (K, 80h); 
88 (Bt, 20h); 90 (8, 60h); 
91 (8, 57d) (Cy, 50m); 

5 (8-7, 11.5h); 97 (6, Short) 

89 (BT, 78h) (Cy, 4.5m); 

93 (?, 2.5m); 95 (B77, 65d); 
97 (By, 17h); 

98 (B~, 18m) (8, 6m); 

(B~, 70h) 

90 (8+, 21h); 91 (y, 55d); 

92 (By, 11d); 94 (By, 6.6m); 
95 (8-7, 35d) (IT, C, 90h); 
96 (2, 96h); 97 (B77, 75m) 
93 (B~7, 6.7h) (BF, 17m); 
99 (By, 67h); 
101 (6-7, 14.6m); 
102 (8—, 12m); 105 (87, Short) 

94 (K, 2d); 96 (K, 42d); 

97 (IT, 90d); 98 (y, 62d); 

99 (y, 6.6h) (8, 2 X 10°); 

100 (8, 40h); 101 (By, 14m); 
102 (B-, 1m); 104 (7, 110h); 
105 (6—, Short); 106 (67, 18s); 
107 (8~, 36.5h) 

103 (6 -y, 45d); 105 (B~y, 4h); 
106 (8~, 330d); 107 (8-, 604): 
108 (8-, 1.2h); 111 (87, 4m) 


1y = year, d = day, h = hour, m = minute, s = second 
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TABLE VI (Continued) 


STABLE AND UNSTABLE ISOTOPES OF THE ELEMENTS 


we 


Stable Isotopes Radioactive Isotopes 
(Per Cent Abundance) (Radiation; Half-life ') 


Pd 


Ag 


Cd 


In 


Sn 


Sb 


103 (100) 102 (8 Bty, 210d); 103 (IT, 538m); 
104 (ITC, 4.2m) (B87, 44s); 
105 (6 y, 35h); 106 (B-, 30s); 
107 (8-, 57m); 108 (6-, 30d); 
109 (8 , 1h); 110 (By, 9h); 
111 (87, 24m) 
102 (0.8); 104 (9.3); 105 (22.6);| 109 (6, 13h); 111 (67, 26m); 
106 (27.2); 108 (26.8); L125 (B=, 24h) 
110 (13.5) 
107 (51.9); 109 (48.1) 106 (8+, 24.5m) (KCy, 8.2d); 
107 (ITC, 44s); 108 (8, 2.3m); 
109 UIT y, 40.5s); 
110 (KyC, 225d) (8~y, 22s); 
111 (6°, 7.5d); 112 (6-7, 3.2h) 
106 (1.4); 108 (1.0); 110 (12.8); | 107 (Ky, 6.7h) (K, 158d); 
111 (13.0); 112 (24.2); 113 (12.3);} 109 (8+, 35m); 111 (JT, 48m); 
114 (28.0); 116 (7.3) 115 (By, 2.33d) (By, 43d); 
117 (87, 2.8h) 
113 (4.5); 115 (95.5) » 110 (8*, 65m); 111 (8*y, 23m); 
112 (KyC, 2.7d) (IT yC, 16.5m); 
113 UIT yC, 105m); 
114 UTyC, 48d) (6-, 72s); 
115 UT yC, 4.5h); 
116 (8, 13s) (87, 54m); 
117 (By, 117m) 
112 “@i.1); 114 (0:8)s 115 (0.4);| 109° (6s, 13d); 110 (65, 3h); 
116 (15.5); 117 (9.1); 118 (22.5);| 111 (87, 25m); 
/119 (9.8); 120 (28.5); 122 (5.5);| 118 (KCy, 90d); 
124 (6.8) 121 (8°, 40m); 123 (87, 26h); 
125) (By, 9m); 126. (6a, 262k): 
127 (6, 10d); 128 (8, 20m); 
129 (8~y, 70m) 
121 (56); 123 (44) 116 (6+, 3.6m); 120 (8+, 17m); 
122 (By, 2.80); 124 (6-y, 60d); 
IP DR WPL (si, Bip) 
(?, 45d); 127 (8~y, 80h); 
128 (6—, 60m); 129 (6-, 4.2h) 
132 (8—, 5m); 133 (6—, 10m) 


ly = year, d = day, h = hour, m = minute, s = second 
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TABLE VI (Continued) 


STABLE AND UNSTABLE ISOTOPES OF THE ELEMENTS 


Stable Isotopes 
(Per Cent Abundance) 


Radioactive Isotopes 
(Radiation; Half-life +) 


120 (0.09); 122 (2.43); 123 (0.85); 
124 (4.59); 125 (6.93); 
126 (18.71); 128 (31.86); 
130 (34.52) 


124 (0.09); 126 (0.09); 128 (1.90); 
129 (26.23); 130 (4.07); 
131 (21.17); 132 (26.96); 
134 (10.54); 136 (8.95) 


Ele- At. 

ment | No. 

Te 52 

or]! 53 | 127 (100) 
Xe 54 
Cs 55 | 133 (100) 
Ba 56 


130 (0.10); 132 (0.09); 134 (2.42); 
135 (6.59); 136 (7.81); 
137 (11.32); 138 (71.66) 


121 (K, 17d) UIT, 148d); 
122, G@7C; 30d); 
127 (ITC, 90d) (6, 9.8h); 
1295 C, 32d) (bm, (2m); 
131 UTC, 30h) (B-, 25m); 
132 (By, 77h); 183 (B—, 60m); 
134 (B—, 48m); 135 (B-, 2m); 
136 (B~, 1m) 

124 (gt, 4.0d); 126 (6~y, 13.0d); 
128 (8, 25m); 
130 (By, 12.6h); 
131 (By, 8.0d); 
132 (By, 2.4h); 1383 (By, 22h); 
134 (By, 54m); 1385 (By, 6.7h); 
137 (Bim, 2215s) 

127 UTy, 75s) IT y, 34d); 
133 (67, 5.5d); 
135 (8-7, 9.4h) (By, 15.6m); 
137 (?, 68m) (B—, 3.4m); 
138 (8—, 17m); 139 (B-, 41s); 
120) (8, Wes)R zal (ESE 
142 (87, 1.38); 
143 (B-, 0.5s) (8—, Short) 

130 (?, 30m); 13827 G, 
134 (8~, 8h) (8-7, 1.7y); 
135 (6, 2.5 X 10*y); 
136 (8~y, 10.5d); 137 (87, 27y); 
138 (By, 33m); 139 (B~, 7m); 
140 (8—, 40s); 141 (8~, Short); 
142 (8, 1m); 
143 (87, Short); 144 (—, Short); 
145 (8, Short) 

133 UT y, 38.8h); 
139 (By, 86m) 
140 (By, 12.5d); 141 (8—, 18m); 
142 (B—, 6m); 143 (8-, 0.5m); 
144 (B~, 1m); 145 (8, Short) 


7.1d); 


ly = year, d = day, h = hour, m = minute, s = second 
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TABLE VI (Continued) 
SraBLE AND UNSTABLE IsoTroPpEsS O¥ THE ELEMENTS 
Ele- | At. Stable Isotopes Radioactive Isotopes 
ment | No. (Per Cent Abundance) (Radiation; Half-life ') 
La 57 | 139 (100) 137 (Ky, 17.5h); 140 (8°, 40h); 
141 (B-, 3.5h); 142 (By, 74m); 
143 (8—, 20m); 144 (8~, Short); 
145 (6-, Short) 
Ce 58 |136 (<1); 188 (<1); 140 (89);| 140 U/Ty, 140d); 141 (6°, 30d); 
142 (11) 143 (8—, 36h); 144 (By, 275d); 
145 (B—, 1.8h); 146 (B—, 14.6m) 
pr 59 | 141 (100) 140 (BT, 3.5m); 142 (67, 19.3h); 
143 (6—, 13.5d); 144 (8, 17m); 
145 (87, 4.5h); 146 (By, 24.6m) 
Nd 60 | 142 (25.95); 143 (13.0); 144 (22.6); | 141 (6%, 2.5h); 147 (By, 11.0d); 
145 (9.2); 146 (16.5); 148 (6 8);| 149 (6 -y, 17h) 
150 (5.95) 
Pm 61 148 (6, 12.5h); 147 (6B, 4y); 
148 (By, 2.7h); 149 (By, 47h); 
151 (8, 12m) 
Sm 62 |144 (8); 147 (16.1); 148 (14.2); | 151 (6 ,Long); 
149 (15.5); 150 (11.6); 152 (20.7);| 153 UT, 46h); 155 (8-, 21m); 
154 (18.9) 156 (8-, 10h) 
Eu 63 | 151 (49.1); 153 (50.9) 150 (gt, 27h); 152 (By, 9.2h); 
154 (6 y, Ty); 155 (By, 2y); 
156 (87 y, 15.4d); 
157 (8, 15.4d); 158 (87, 60m) 
Gd | 64 | 152 (0.2); 154 (1.5); 155 (18.4); 
156 (19.9); 157 (18.9); 158 (20.9); 
160 (20.2) : 
Tb 65 | 159 (100) 160 (8—, 3.9h) (By, 72d) 
Dy 66 | 158 (0.1); 160 (0.1); 162 (26.6); | 163 UTC, 1.2m); 165 (By, 2.5h) 
163 (24.8); 164 (27.3) 
Ho 67 | 165 (100) 164 (8*, 47m); 166 (8—, 35h) 
Er 68 | 162 (0.1); 164 (1.5); 166 (82.9); | 165 (8—, 1.1m); 
167 (24.4); 168 (26.9); 170 (14.2) | 169 (8~, 7m) (67, 12h) 
Tm 69 | 169 (100) 170 (?, 105d) 
Yb 70 | 168 (0.06); 170 (4.21); 171 (14.26); | 175 (87, 4.2h) (6-, 45d) 
172 (21.49); 173 (17.02); 
174 (29.58); 176 (13.38) 
Lu CAT TSY (O75) leon (ee) 176 (By, 3.7h); 177 (B—, 6.6d) 
Hf 72 | 174 (0.18); 176 (5.8); 177 (18.47); 


178 (27.1); 179 (13.85); 
180 (35.11) 


179 UTC, 19s); 181 (6, 55d) 


ly = year, d = day, h = hour, m = minute, s = second 
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TABLE VI (Continued) 


STABLE AND UNSTABLE IsoTOPES OF THE ELEMENTS 


At. Stable Isotopes Radioactive Isotopes 
No. (Per Cent Abundance) (Radiation; Half-life 4) 
73 | 181 (100) 180 (?, 18m) (Ky8-, 8.2h); 
182 (By, 120d) (8, 16.2m) 
74 1180 (0.2); 182 (22.6); 188 (17.3); | 185 (8-7, 77d); 187 (8, 24.1h) 
184 (30.1); 186 (29.8) 
75 | 185 (38.2); 187 (61.8) 182 (s+, 40m); 184 (Ky, 52d); 
186 (8—, 90h); 188 (8~y, 18h) 
76 | 184 (0.02); 186 (1.59); 187 (1.64); | 185 (8, 30h) (IT'y, 99d); 
188 (13.3); 189 (16.1); 191 (8, 32h); 193 (8, 17d) 
190 (26.4); 192 (41.0) 
77 | 191 (38.5); 198 (61.5) 190 (ye+, 9.4d); 192 (8, 15m), 
(By, 68d); 194 (By, 19h) 
78 /192 (0.8); 194 (30.2); 195 (35.3); | 196 (ITC, 80m); 
196 (26.6); 198 (7.2) 197 (8-, 18h), (8-7, 3.3d); 
199 (8-, 31m) 
79 | 197 (100) 196 (B-, 13h) (8~v, 5.6d); 
197 (IT, 7s); 198 (B-y, 2.7d); 
199 (By, 3.3d); 200 (8~, 48m) 
80 | 196 (0.15); 198 (10.1); 199 (17.0); | 197 (y~, 23h) (y, 64h); 
200 (23.3); 201 (13.2); 199 (y, 43m); 208 (8-7, 51.5d); 
202 (29.6); 204 (6.7) 205 (8—, 5.5m) 
81 | 208 (29.1); 205 (70.9) 198 (Ky, 10.5h); 199 (C, 44h); 
201 (?, 3.8h) (?, 4m); 
202 (y, 13d); 204 (8-, 3.5y); 
206 (8, 4.23m); 
207 (67 y, 4.76m); 
208 (B-y, 3.1m); 209 (6-, 1h); 
210 (6-, 1.32m) 
82 | 204 (1.5); 206 (23.6); 207 (22.6); | 203 (K IT, 54h); 205 (IT y, 68m); 
208 (52.3) 209 (B-, 3.3h); 210 (8, 22y); 
211 (8~y, 36.1m); 
212 (8-, 10.6h); 
214 (8-7, 26.8m); 
215 (IT'y, 1.6m) 
83 | 209 (100) 205 (Ky, 12h); 206 (KCy, 6.4d); 


208 (KBy, 104y); 210 (67, 5.0d); 
211 (By, 216m); 
212 (yB-, 60.5m); 
214 (aby, 19.7m) 


1 y = year, d = day, h = hour, m = minute, s = second 
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TABLE VI (Continued) 


SraBLE AND UNSTABLE IsoTOPES OF THE ELEMENTS 


Stable Isotopes 
(Per Cent Abundance) 


Radioactive Isotopes 
(Radiation; Half-life +) 


Po 


At 
Rn 


Np 


Pu 
Am 
Cm 


84 


91 


92 


93 


94 
95 
96 


232 (100) 


238 (99.274); 235 (0.719); 
234 (0.005) 


206 (Kay, 11d); 207 (K, 5.7h); 
208 (a, 4y); 210 (ay, 140d); 
211 (a, 5 X 1073s); 

212 (a, 3 X 1077s); 

213 (a, 70~*s); 

214 (a, 1.5 X 10~*8); 
215 (a, 1.83 X 107s); 
216 («@-, 1.58 X 1071s); 
218 (aB-, 3.05m) 

211 (aK, 7.5h) 

219 (a, 3.92s); 220 (a, 54.5s); 
221 (a, 1h); 222 (a, 3.825d) 

223 (By, 21m) 

222 (a, 0.5m); 223 (wy, 11.2d); 
224 (a, 3.64d); 226 (ay, 1590y); 
228 (8, 6.7y) 

227 (ab, 13.5y); 228 (?, 6.13h) 

227 (ay, 18.9d); 228 (ay, 1.90y); 
230 (ay, 8.3 X 10*y); 

231 (8, 24.6h); 233 (8-, 23m): 
234 (8—y, 24.5) 
231 (wy, 3.2 X 10*y); 
233 (87, 27.4d); 
232 (8~y, 6.7h), (By, 1.14m) 
234 (a, 2.33 X 10°y); 
235 (a, 7.07 X 108y); 
237 (By, 6.8d); 
238 (a, 4.51 X 10%); 
239 (8, 23m) 

235 (K, 250d); 236 (8-, 20h); 
237 (a, 2.25 X 10°); 

238 (87, 2d); 239 (By, 2.3d) 

238 (?, 50y); 239 (a, 24,000y) 

241 (a, 500y) 

240 (a, 30d); 242 (a, 150d) 


'y = year, d = day, h = hour, m = minute, s = second 
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The Einstein Equation—The Packing Fraction. In experiments such 
as shown in Fig. 146 at ordinary voltages the velocity of the electron is 
less than 10° em per second, and the value of e/m is independent of the 
velocity. As the velocity is increased, however, and approaches the 
velocity of light, the value of m increases in accordance with the theory 
of relativity. The actual mass m of a particle is related to the ‘‘rest 
mass’ mo and the velocity v by the equation, 


where c is the velocity of light. 

Differentiating this equation and applying the relations that force is 
the rate of change of momentum, and that kinetic energy is force acting 
through a distance, one can show that 


dE = c’?dm 


Einstein in 1906 proposed this epoch-making theory according to 
which 
E = c*m (12) 


and pointed out that the annihilation of 1 g of matter will produce 
(2.9978 & 101°)? or 8.9868 X 107° ergs of energy. 
In the nuclear reaction, 


2 protons + 2 neutrons — 1 alpha particle 
2 X 1.007582 + 2 & 1.00893 — 4.002763 


there is an actual loss of mass of (4.002763 — 4.03302) = —0.03026. If 
the Einstein equation is applied, the formation of a mole of alpha parti- 
cles or helium nuclei from neutrons and protons evolves 0.03026 < 
8.988 X 107° ergs or 6.5 X 10"! cal. This nuclear energy is many 
orders of magnitude greater than chemical energy produced by changes 
of atoms to give different molecules. 

The loss of mass which is produced by the formation of atomic nuclei 
from protons and neutrons applies to other nuclei as well as the nucleus 
of helium and is called the packing effect. 

The packing fraction is defined as the difference between the actual 
mass of the isotope and the nearest whole number divided by this mass 
number. Thus, the mass of one of the chlorine isotopes is 34.983, and 
the packing fraction is (34.983 — 35.000)/35.000 = —0.00048. Pack- 
ing fractions are usually expressed in parts per 10,000, and sosthe pack- 
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ing fraction of chlorine is written —4.8. Since oxygen is taken as the 
standard, elements with positive packing fractions are less stable than 
oxygen; those with negative packing fractions are more stable. The 
elements in the middle range of the periodic table seem to be the most 
stable, the light elements and the heavy elements possessing positive 
packing fractions. 

The condensation of hydrogen to helium and of other light elements to 
give heavier ones with the attendant loss of mass is the explanation for 
the radiant heat given off by the sun and the stars. There appears to be 
no chance, however, that atomic energy can be obtained on earth by 
the condensation of the nuclei of light elements because a temperature 
of many millions of degrees is required. 

The breakdown of atomic nuclei results in an actual loss of mass and 
evolution of energy. In all nuclear reactions such as those discussed in 
the preceding section, the total loss of mass enables one to calculate 
accurately the energies produced. The energies of alpha and beta 
particles and of gamma rays can be determined in this way; or the 
velocities can be determined by measuring their penetration of sheets of 
metal, and from these data the loss of mass can be determined. Again a 
knowledge of the atomic masses enables one to calculate the accelerating 
voltage which must be applied in order to bring about a specified nuclear 
reaction. 

Nuclear Fission. In 1939 Hahn and Strassman exposed uranium to 
neutrons and obtained unexpected products which were identified as 
barium and other elements of the middle of the periodic table. Meitner 
interpreted this nuclear reaction as a complete breakdown of the ura- 
nium atom into two elements of approximately half the atomic weight 
of uranium. This new phenomenon was called fission and led immedi- 
ately to a large number of confirming experiments:in many different 
laboratories throughout the world. It was soon found that it is the iso- 
tope of uranium U?*° which undergoes fission when it absorbs neutrons. 
The equation for this fission process is 


5 he wake 
n + U*® — fission products + < 
n 
w= U2 = Kr = Ba ete. 
n 
n + U5 _s fission products + x 
Mn 


In this nuclear reaction Kr and Ba are representative of a large number 
of possible middleweight elements, and the number of neutrons produced 
is not exactly two. 

There are two remarkable things about nuclear fission. First, it is 
chain-reacting, so that the neutrons from the fission of the first atom 
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cause other uranium atoms to undergo fission and produce more neu- 
trons in an instantaneous, expanding process. Second, the sum of all the 
masses of the elements and the neutrons produced in fission is slightly 
less than the sum of the masses of the original U*?° plus the original 
neutron. It was evident at once that here might be a source of atomic 
energy on a large scale, because, once the reaction was started with a 
neutron, the process might be self-sustaining, and the loss of mass in 
the reaction would lead, of necessity, to the evolution of enormous quan- 
tities of energy. Previous considerations for producing useful atomic 


Fic. 158. First nuclear chain-reacting pile. 


energy would have required the expenditure of large quantities of energy 
in a cyclotron or other device to sustain the nuclear reaction. Fis- 
sion, however, might be a process which would run spontaneously with- 
out the investment of large amounts of energy. 

On December 2, 1942, the first test of this idea was carried out by 
Fermi, Szillard, Wigner, and others under the administration of A. H. 
Compton, at the University of Chicago. The experiment, pictured in 
Fig. 158, was successful in proving that it is possible to obtain a con- 
trolled, self-sustaining chain reaction. It was necessary to obtain ura- 
nium in a high state of purity and to imbed it in graphite of high purity. 
The graphite acted as a moderator to slow down the neutrons to such 
a velocity that they would be more easily captured by the surrounding 
uranium. This self-sustaining nuclear reactor is called a “pile.” In- 
stead of the graphite moderator light elements like deuterium and 
beryllium can be used as they do not absorb neutrons. 

These piles supply not only large quantities of heat but also an excess 
of neutrons which can be used for the transmutation of elements. 


658 ATOMIC AND NUCLEAR STRUCTURE 


When neutrons are absorbed by uranium 238, the following nuclear 
reactions take place: 


239. 239 239 as 
g2U738 + n — 92U°”; ge” —>seNp* 44-855 
239 239 zs 
o3Np??? — g4Pu**’ + 6 


Plutonium 239 undergoes fission in the same manner as uranium 235. 
Uranium 233 which also undergoes fission can be produced from nuclear 
reactions starting with the action of neutrons on thorium. 

The rate at which this fission process takes place in a pile can be 
controlled easily with the help of rods of cadmium- or boron-containing 
material or other material which has great absorption for neutrons. 
When the rods are inserted into the pile, the chain reaction cannot con- 
tinue, because the neutrons are absorbed by the rods. By pulling out 
the rods the absorption of the neutrons in the pile is decreased, so that 
by proper mechanical regulation the pile may be made to develop heat 
at any rate desired, limited only by the rate at which heat can be re- 
moved from the pile. The accumulation of too much heat will endanger 
the materials of which the pile is constructed. Several atomic piles are 
now in operation, all at comparatively low temperatures. It is possible, 
however, to operate other piles at a much higher temperature and to 
utilize the heat removed for the operation of heat engines or turbines 
which can be used to produce useful electricity. 

In the future it is expected that standard power plants will be operated 
by atomic fuel, but the large capital investment for the fissionable mate- 
rial and the pile, together with the special difficulties due to radioactiv- 
ity, makes it appear that electricity generated by atomic power will not 
be cheaper in most countries than the electricity generated by the burn- 
ing of coal. There are certain considerations, however, which are of 
special interest. If 1 g of uranium 235 undergoes complete fission, the 
loss in mass will result in the evolution of 2 X 10'° cal. If this is com- 
pared with chemical reactions, the combustion of 1 g of carbon evolves 
7,827 cal of heat. One pound of uranium 235 will generate as much 
heat on fission as is generated by the burning of 1500 tons of coal, equiva- 
lent to 11 million kilowatt-hours of heat or, at present turbine efficien- 
cies, to about 3 million kilowatt-hours of electricity. Accordingly, 
atomic fuel may be essentially regarded as weightless fuel and may 
well find its first practical applications in isolated regions where coal 
and other fuel are not now available and transportation is difficult. 

A certain critical amount of U??° or other fissionable material is 
necessary before the pile can be self-sustaining. With lesser amounts a 
sufficiently large number of neutrons escape from the pile so that the 
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This critical size involves 
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an investment of such a large amount of material and the nuclear reactor 


requires such a heavy protecting shield that small units for the produc- 


nuclear chain is no longer self-propagating. 
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will be operated by atomic fuel but that automobiles cannot be. 
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ganization is established 


fuel in power piles can be misused for military purposes; hence, world- 
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Distribution of fission products. 


Fig. 159. 
widespread use of atomic power will probably have to come slowly until 


tion of power or heat will not be practical. 


a strong international or 
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The distribution of elements produced in fission shows a probability 
pattern as given in Fig. 159.* The logarithms of the percentage yield 
are plotted as ordinates against the atomic masses. 

When U”** undergoes fission, all the elements between zinc with an 
atomic number of 30 and gadolinium with an atomic number of 64 are 
produced, including about 300 isotopes, most of which are radioactive 
with half-lives ranging from fractions of a second to many years. The 
fission products do not emit alpha particles, and the majority emit beta 
or gamma rays. There are about eight different isotopes, including 
some of strontium, barium, and iodine, each of which accounts for as 
much as 5 per cent of the original weight of the uranium. 

The piles supply large quantities of neutrons which can be used for 
experimental studies and for the production of many useful isotopes, 
as, for example, radioactive carbon C‘* from nitrogen. A catalogue is 
now available which lists the many different isotopes which can be 
obtained at a nominal price from the U. 8S. Atomic Energy Commission, 
at Oak Ridge, Tenn. 

Beams of neutrons from the pile are of value for certain physical 
measurements. They can, for example, be used like beams of electrons 
and X rays in the study of crystal and molecular structure. 

The energy evolved in the fission of U??° is of the order of 2 to 6 
million electron volts. The cyclotron at California with 200 million 
electron volts has been able to cause the fission of many heavy elements 
such as lead. The pattern of distribution of the lighter elements pro- 
duced differs from that shown in Fig. 159 in that the base is broader 
and the peaks are lower. These disintegrations produced with the 
common heavy elements are not chain reacting and will not continue 
to produce energy when the exciting energy is removed. 

Biological Effects of Radioactivity. Serious damage can be done to 
living tissue by excessive exposure to radioactivity. The exact nature 
of these reactions is not fully understood, but the ionizing radiations 
may produce hydrogen peroxide and other chemical substances which 
then react chemically with the material of the cells. As a rough approx- 
imation, the effect of X rays, gamma rays, beta rays, alpha particles, 
and neutrons is proportional to the amount of ionization which these 
various agents can produce. The biological effect can be thus correlated 
with the intensity of radiation of the various types as measured by physi- 
cal instruments, such as photographic plates, ionization chambers, and 
Geiger—Miiller counters. 

Fortunately, these instruments are so sensitive to radioactivity that 
they give an adequate measure of the radiation at most levels long before 


* Plutonium Project, J. Am. Chem. Soc., 68, 2411 (1946). 
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any biological damage can be expected. As a matter of fact, the limi- 
tation to the Geiger—Miiller counters is usually the background of ioniza- 
tion produced by cosmic rays, and all living matter is and always has 
been exposed to these cosmic rays. Considerable study has been devoted 
to establishing a safe limit for exposure to X rays and radioactivity. 
Overexposure to radioactivity may cause severe burns which heal very 
slowly. Even though no immediate effect appears, difficulties may 
appear years later. In the more severe cases the concentration of red 
blood cells is reduced through destructive action on material in the bone 
marrow, and testing red-blood-count corpuscles is a standard procedure 
in checking for overexposure to radioactivity. Exposure to neutrons 
leads to effects which are quite similar to the exposure to gamma rays 
or beta or alpha particles, because the neutrons are absorbed by the 
nuclei of sodium and other elements in the living body with the produc- 
tion of radioactive isotopes. 

Those who work with radioactive materials must guard themselves 
against damage from exposure to radioactivity. The gamma rays are 
stopped by shields of sheet lead or by walls of interlocking bricks of 
lead. Concrete is also used. For gamma rays the stopping power of 
the shield material depends on the thickness and density of the mate- 
rial. Sometimes gloves containing lead are used to protect the hands. 
Neutrons are stopped by paraffin or other hydrogen-containing material 
and by cadmium sheets or boron-containing material. Alpha particles 
are stopped by thin walls of glass or any type of shield. Beta rays re- 
quire somewhat thicker glass. It is necessary to guard against dust 
particles of radioactive material, because tiny particles of material 
which are radioactive must be kept out of the lungs, the stomach, and 
the blood stream. 

These hazards call for special shielding, ventilation, and waste dis- 
posal, and frequently lead to the requirement of remote control for 
laboratory experiments, but the techniques have been fully worked 
out, and there need be no danger if the precautions are followed and 
there is adequate monitoring of the laboratory with instruments suit- 
able for detecting radioactivity. 

Uses of Isotopes. [Many uses had been developed for the naturally 
occurring radioactive elements (from lead to uranium in the periodic 
table), but the new artificially produced radioactivity has greatly in- 
creased the interest in this work because radioactive forms of almost 
any element can now be obtained. 

The medical uses of radioactivity are well known. Although serious 
burns can be produced by radium, it is possible under properly con- 
trolled conditions to destroy early cancerous tissue and other abnormal 
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growths without serious injury to the normal flesh. For such purposes 
radon is used sealed off in small glass tubes. Radioactive cobalt pro- 
duced by neutrons from a nuclear pile will probably find use in this 
field. Other radioactive elements may find therapeutic uses. Radio- 
active iodine is concentrated in the thyroid gland and is being used 
successfully in the cure of certain types of goiter. ; 

Several applications of radioactivity have been made to geology.* 
One of the earliest was the determination of the age of the earth. The 
rates of radio disintegration are well established, and the age of a given 
uranium or other radioactive mineral is obtained by simply dividing the 
amount of disintegration product by the rate at which the product is 
generated. If the life of the parent element is very long, the calculations 
are simplified. The amount of lead found in a uranium mineral is a 
measure of the amount of uranium which has undergone radioactive 
disintegration, provided that no lead has been brought from other places 
and none has been leached out. A determination of the atomic weight 
or a measurement of the relative distribution of isotopes can be used to 
correct for any ordinary lead present which did not come from the 
uranium or thorium in the sample of mineral. The accumulation of 
helium from alpha particles is used also for dating minerals. The earth 
must be at least as old as the oldest mineral which is found, and several 
have been established to be about a billion years old. 


Example 4. A sample of pitchblende was found to contain 51.16 per cent 
uranium and 2.492 per cent lead, giving a lead—uranium ratio of 0.0487.; An 
atomic weight determination showed that, whereas most of the lead came from 
uranium and had an atomic weight of 206, some ordinary lead was present, 
requiring a correction of Pb/U to 0.0453. The disintegration constant for 
uranium is 1.52 < 1071 year 4. How old must this mineral have been in order 
to accumulate this much lead? 


, Uaisint ted At. wt. U 238 
Ratio ———samie’ = 0.0453 X ————_"__ = 0. —— = 
(la, x Terra 0.0453 X 206 0.0523 
—dc 
See ke 

0.0828 1.59. ¢ 10-19 C1 

dt 
dt = 300 million years 


* Goodman, Geological Applications of Nuclear Physics, J. Applied Phys., 18, 
276 (1942). 
t Baxter and Averill, J. Am. Chem. Soc., 59, 705 (1937). 
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This is an approximate calculation assuming that for this problem 300 million 
years are infinitesimal! A more exact calculation may be made readily, thus: 


2.303 1.000 


1.52 X 10-9 = 
x 7 87900 — 0.0525 


The use of radio indicators offers a solution for certain analytical 
problems. The test for radioactivity is so much more sensitive than 
other physical or chemical tests that the minutest amount of material 
can be detected. The solubility of a difficultly soluble lead salt may be 
determined by placing a trace of radio lead in a saturated solution and 
‘allowing the radio lead to distribute itself between the solution and the 
solid. The distribution ratio can be easily and accurately determined 
by measuring the intensity of radioactivity. Again, it is possible with 
radio indicators to determine the actual number of atoms of lead or 
other elements exposed in a crystal, and, accordingly, the absolute 
surface can be calculated. 

The use of isotopes as tracers is furnishing an important means for 
studying the mechanism of biological processes and chemical reactions. * 
For example, radioactive iodine and bromine have been used to follow 
the course of the halogen in organic reactions, and radioactive manganese 
has been used to show that there is no interchange of manganese be- 
tween the ions of different valence, as, for example, between MnO,~ 
and Mn*™, but that there is a rapid exchange between manganous ion 
and manganic oxalate ion. 

By feeding radioactive phosphorus to a colony of rats and determin- 
ing the radioactivity of the bone ash at frequent intervals, Hevesy found 
that a given atom of phosphorus remains in the bones only about a 
month, a fact which proved the hypothesis that the bones of a living 
animal are in a state of dynamic equilibrium with their surroundings. 
Radioactive phosphorus has been used also to determine the time re- 
quired for inorganic phosphorus in the food to be converted into organic 
phosphorus material in the blood of rats. 

Radioactive carbon C!* with a half-life of 4700 years is being widely 
used as a tracer in many biochemical, chemical, and industrial labora- 
tories. One of the most important uses of radioactive carbon is in the 
study of photosynthesis, the process by which carbon dioxide and water 
are combined in the growing plants through the agency of sunlight. A 
method is now available for studying the first immediate products. 


* “Tsotopic Tracers in Biology and Medicine,” University of Wisconsin Press, 
Madison, Wis. (1948); Shoenheimer, “Dynamic State of Body Constituents,” Harvard 
University Press, Cambridge, Mass., 1942. 
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The stable isotopes as well as the radioactive isotopes are finding 
extensive use as tracers. 

Deuterium, heavy carbon, and heavy oxygen have been used effec- 
tively as tracer elements in physical-chemical and biochemical investiga- 
tions. The positions in a molecule or an organism taken by these tagged 
atoms can be ascertained with the help of a mass spectrometer which 
gives the ratio of the heavy isotope to the common isotope. For exam- 
ple, previously unavailable information has been found with the help of 
N!°, concerning the biochemical behavior of certain amino acids and 
proteins. 

Many uses have been developed for deuterium, but, thus far, they have 
been restricted to the laboratory. Its use as a projectile in nuclear dis- 
integrations has been stressed already. By substituting deuterium for 
hydrogen large band shifts are produced, and it is thus possible to con- 
nect spectral bands with definite bonds in the molecule. A large variety 
of new organic compounds has been synthesized in which deuterium 
takes the place of hydrogen. In one of the first tracer experiments ordi- 
nary sugar was dissolved in heavy water and the water distilled off. The 
density of this water was less than before, showing that some of the 
deuterium of the water had exchanged with hydrogen of the sugar. 
Quantitative measurements showed that half the hydrogen atoms of 
the sugar had exchanged with deuterium. It is known from the struc- 
ture of sugar that half the hydrogens are attached to carbon and half 
to oxygen. It is concluded that those hydrogen atoms attached to oxy- 
gen ionize and mix with the deuterium ions of the water, but that the 
hydrogen atoms attached directly to carbon do not ionize and are unable 
to leave the sugar molecule. 

Gold has been transmuted into Hg!®*, through long exposure to neu- 
trons in the pile by the reaction: 


Au®? +n = Hg! 


The platinum-iridium bar at Paris has been accepted as the world’s 
standard unit of length, but it is not sufficiently precise for some pur- 
poses; therefore, the red spectroscopic line of cadmium has been widely 
used. ‘The green mercury line would be a better standard, because the 
heavier metal leads to a lower temperature of excitation with a line 
about half as wide as the cadmium line. But, ordinary mercury can- 
not be used because it contains seven isotopes each with a slightly dif- 
ferent spectral line. However, 60 mg of mercury transmuted from gold 
has been distilled out and, being free from other isotopes, gives a very 
convenient narrow line at 5461 A which will perhaps be determined 
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with an accuracy of one part in a billion and will probably become the 
primary standard of length. 

Definition of Units of Radioactivity. The curie of radioactivity is now 
defined as that quantity of radioactive material in which there are 
3.7 X 10'° disintegrations per second. Radioactive elements used in 
laboratory work are described in terms of their rates of disintegration; 
thus, a microcurie of radon, or radioactive carbon, or radioactive sodium 
will each give 37,000 disintegrations per second. The weakest radio- 
activity that can be measured under ordinary conditions is about 1 dis- 
integration per second. The natural background of radioactivity due 
in part to cosmic rays is the limiting factor in some measurements. 

The roentgen is the unit of radiation used for X rays or gamma rays, 
and it is defined in terms of the ionization produced in gases. One 
roentgen will produce one electrostatic unit of charge per cubic centi- 
meter of air at standard conditions. It produces 2.083 X 10° pairs of 
gaseous ions in air per cubic centimeter under standard conditions and 
generates 83.3 ergs per gram of air. The intensity of gamma radiation 
(or X rays) obviously is decreased as one moves away from the source 
or interposes shields. For a typical gamma radiation the passage through 
1 cm of lead will reduce the intensity by half. For laboratory work the 
exposure of the body to 0.012 roentgen per hour for an 8-hr day is 
regarded as more than the maximum dosage which should be permitted. 

Extranuclear Structure. As previously pointed out, there are four 
fundamental experiments on which theories of atomic structure are 
based. The disintegration of the radioactive elements and the artificial 
disintegration of the light elements indicate that the nuclei of heavy 
atoms are composed of smaller more fundamental units. The occasional 
abnormal deflection of alpha particles shows that the mass of the atom 
must be concentrated in a nucleus occupying but a small fraction of the 
total atom. The mass spectrograph gives a measure of the mass of the 
nucleus; and the X-ray measurements of the atomic number reveal the 
number of excess positive charges on the nucleus, and the number of 
electrons surrounding the nucleus. The atomic number is of the greatest 
interest in chemistry, for the number and arrangement of these extra- 
nuclear electrons determines the position of an element in the periodic 
table and its chemical properties. A form of the periodic table arranged 
by Professor M. L. Holt, of the University of Wisconsin, is given in 
Table VII, where the atomic numbers are given together with the num- 
ber of electrons in the outer extranuclear shells and subshells. 

The first, second, third, and fourth electron shells are known as 
the K, L, M, N shells. They correspond to the K, L, M, N series in the 
X-ray spectra discussed on pages 574-622. They stand for different 
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values of the first or principal quantum number n. For K, n = 1; for 
L,n = 2;for M,n = 3, ete. 

The rare gases are the key elements in the periodic table for they 
represent the completion of a shell. The number of elements in a shell 
or period is limited by the quantum numbers, as described on page 576. 
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PROBLEMS 


1. A beam of cathode rays was deflected by a magnetic field of 4.5 emu into an 
arc having a radius of curvature of 15 cm. An electric field of 50.0 volts per centi- 
meter was required to bring the path of the rays back to its original position (1 volt 
per centimeter = 10° emu per centimeter) 

(a) What is the velocity of the rays? 
(b) If e = 1.59 X 107° emu, calculate the mass of an electron. 
AVS, 1). NUE S< I Ese Ness 

2. Measurements on a certain radioelement gave a constant of 1.65 X 10° ° 
second}, 

(a) What, is its period of half-life? 
(b) How long will it take for 99 per cent of the element to disintegrate? 
(c) What is the name of this radioelement? 
Ans. (a) 4.85 days. (b) 32.2 days. (c) Radium E. 

3. Calculate the weight of radium E in equilibrium with 1 g of radium D. 

Ans. 6.03 X 107‘ g. 

4. A hospital maintained a solution containing 0.250 g of radium as a source of 
radon for therapeutic purposes. The radon was pumped off under reduced pressure 
once a week. 

(a) How many grams of radon were obtained each week? 
(b) What volume would it occupy under standard conditions of temperature and 
pressure? Ans. (a) 1.15 X 10-®g. (6) 0.116 cu mm. 

5. Radioactive carbon is obtained from the Atomic Energy Commission at Oak 
Ridge as barium carbonate. (a) If the carbon contains 3 atomic per cent radioactive 
carbon 14, 1 per cent carbon 13, and 96 atomic per cent carbon 12, how many grams 
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of the barium carbonate does it take to give one millicurie? (b) The radioactivity 
can be measured with sufficient accuracy for a given experiment if there are 100 dis- 
integrations per minute, using the equivalent of 50 mi of carbon dioxide gas measured 
at standard conditions. How much can this material be diluted; that is, how many 
grams of ordinary carbon can be added to 1 g of carbon from the sample of radio- 
active barium carbonate, if the same accuracy of counting is to be maintained, that 
is, 100 counts per minute in a 50 ml sample of gas? ; 
Ans. (a) 0.086 g. (b) 1.1 X 10°. 

6. If the products of a transmutation weigh 0.001 g more per gram atom than 
the reactants, what is the minimum energy which must be supplied to effect the 
transmutation: (a) expressed in kilogram-calories per gram atom; (b) expressed in 
voltage of beta rays emitted? 

Ans. (a) 2.2 X 107 kcal/g atom. (b) 9.3 X 10° volts. 
7. One gram of uranium 235 evolves about 20 billion calories when it undergoes 
fission. : 

(a) Compare this heat of fission with the heat evolved in the combustion of 1 g of 
carbon. Carbon has the highest heat of combustion per gram of any organic material. 

(b) How many tons (2000 lb) of coke will it take to give as much heat on oxidation 
as 1 lb (454 g) of uranium 235 evolves on fission? (Coke is assumed to be pure 
graphite.) 

(c) If it is assumed that one fourth of the heat of fission is converted into elec- 
iricity with standard steam boilers, turbines and dynamos, how many kilowatts of 
electricity can be generated by the consumption of 1 lb of uranium 235 per day? 

Ans. (a) 7840 cal/g. (b) 1272 tons. (c) 110,000 kw. 

8. Thorium B is an isotope of lead and thus has nearly identical chemical and 
physical properties. A given quantity of thorium B was mixed with a lead salt 
containing 10 mg of lead, taken into solution and precipitated as the chromate. 
Ten cubic centimeters of the supernatant liquid, when evaporated, gave a residue 
which was 1/24,000 as active as the original quantity of thorium B. What is the solu- 
bility of lead chromate in moles per liter? Ans. 2X 107’ mole per liter. 


9. (a) Show mathematically that the radioactivity per micromole of a short- 
lived radio element is greater than that of a long-lived element. 

(6) How many grams of radium will be required to give as much radioactivity for 
luminous paint as 1 g of polonium? 

10. One kilogram of purified uranium is sealed in a vault as an indicator of time. 
If a chemist of the future finds 1 mg of lead, what year a.p. will it be? 

11. Actinium emanation comes in the group of rare gases, having zero valence. 
It loses an a particle, the product loses another @ particle, and then the new radio- 
element loses a 6 particle. (a) To what group in the periodic table does this radio- 
element belong? (6) Describe briefly iis physical and chemical properties. 

12. (a) Some beta particles have an initial velocity of 0.3 the velocity of light. 
What voltage would have to be applied to electrons in order for them to be equivalent 
to beta rays? 

(6) To how many beta particles per second would an electron current of 2 milli- 
amperes correspond? 

(c) To how many grams of radium B would this be equivalent? 

13. (a) Radon is removed from a sample of radium with which it was in equilibrium 


and is allowed to decay. Starting with 100 units of radon how many will be left 
after 2, 4, 8, and 16 days? 
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(6) The sample of radium immediately starts regenerating radon. How many 
units of radon will be in equilibrium with the radium after 2, 4, 8, and 16 days? 

(c) Plot the data of (a) and (6) against time, and draw two curves through the 
points. 

14. The mass spectrum of a mixture of carbon dioxide and methane gave lines 
which corresponded to the following ratios of mass to number of charges: 


Cure 15 eet aeen bea 16 iros, Foeerds 


Suggest positive ions which may be responsible for each of these lines. 

15. Write the equations for several different ways of producing radioactive alumi- 
num using neutrons, deuterons, or @ particles. 

16. Calculate the change in mass involved in the nuclear transformation: 


Li’ + H! = 2He* + energy 


(a) How much energy is liberated in calories per mole? 

(b) How much energy is liberated in electron volts? 

(c) In what form is this energy liberated? 

17. A sample of radioactive manganese was measured in a counting chamber 
with the following results: 


Time in-hours 0 0.28 0.75 243>  =(.138° 1003 12:82 17.45," 
Counts per 
minute 20,862 19,197 17,129 11,602 3,159 1,451 690 246 27 


The continuing value of 27 counts per minute is due to background and to long-lived 
impurities in the manganese. Which isotope of manganese was this as identified by 
its half-life and atomic mass? 

18. An element gives off beta rays at 1.5 million electron volts. How much less 
per gram atom will the new element, which is formed by the radioactive decay, weigh? 

19. The atomic number of phosphorus is 15. 

(a) How are the 15 electrons around the nucleus arranged in groups? 

(b) Show that this distribution of electrons is in agreement with the quantum 
numbers and Pauli principle. 

(c) How many electrons are there in the outermost group? 

20. Explain why manganese has a variable valence and bromine ordinarily does not. 


21. An investigation of the wave lengths of the Ke Jines in the X-ray spectra of 
various elements gave for zinc (atomie number 30) Ax, = 1.445 A and for cobalt 
(atomic number 27) \x, = 1.798 A. A third element showed a third-order reflection 
from a rock-salt crystal (d = 8.454 & 107-8 cm) at @ = 36.7°. What was the third 
element? : 

22. A sample of radioactive sodium, with a half-life of 53,300 seconds, is injected 
into an animal. How many days will it take for the radioactivity to fall to one tenth 
of its original intensity? 

23. (a) After how many years will 1 g of polonium decay to such a point that it is 
equivalent in radioactivity to 1 g of radium? 

(b) After 10 years what will be the relative intensities of radioactivity of equal 
weights of radium and polonium? 

24. The weight of lead in a sample of uraninite from the Black Hills of South 
Dakota was found to be 22.8 per cent of the weight of the uranium. Calculate from 
this fact a minimum age for the earth. 
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25. Radioactive phosphorus P*° can be prepared with the five different agencies, a, 
n, p, d, and y rays. State what elements you would use for each process. Write the 
nuclear reaction in each case. 

26. State what isotopic element may be produced when the following undergo 
radio disintegration: . 

iH; gC; ayNa"*;, gebr;. a7Ag™ 
27. Calculate the change in mass and the energy involved in the nuclear trans- 


formation: 
Het + N44 = O! + H! + energy 


28. How large would a proton current have to be in amperes in a high-voltage 
transmutation apparatus in order to correspond to one microcurie? 

29. The beryllium isotope with a mass of 7.01916 emits gamma rays of 0.48 million 
electron volts. What is the product of this radioactive decay and what is its mass? 

30. (a) How many grams of radioactive bromine 82 with a half-life of 34.0 hours 
is required in order to give a millicurie? 

(b) How many days can one wait before the millicurie of bromine becomes worth- 
less for an experiment which requires 100 disintegrations per minute for counting? 

31. (a) How many kilograms of uranium 235 must be consumed per day in driving 
a large ship at 20 miles per hour with 100,000 kilowatts of power, if it is assumed that 
25 per cent of the heat of fission can be converted into useful work through boilers, 
turbines, and dynamos? 

(6) How many kilograms of uranium 235 would be consumed in traveling 20,000 
miles? 


32. On the basis of the quantum numbers and the Pauli principle place an element 
having 13 electrons in its proper group in the periodic table. 

33. Cite all the evidence available concerning the relative stability of elements of 
odd and even atomic numbers. 

34. Some unstable isotopes disintegrate with the emission of positrons and some 
with the emission of negative electrons. Considering the facts tabulated in this 
chapter, suggest a relation by means of which you can predict whether positrons or 
negative electrons will be emitted by an isotope of given mass. 

35. The slow neutron flux in a certain nuclear chain-reacting pile is 10 neutrons 
per cm” per second, and a 1-g sample of MnSOy is exposed to, this flux in order to 
prepare radioactive manganese according to the reaction: 


Mn*® + n? — Mn*6 


- The Mn*® decays by K capture with a half-life of 2.59 hours. The MnSQ, is 
placed in the pile for 1 hour. Assuming that the only radioactivity formed in the 
sample is due to Mn® and taking the cross section for its formation as 12.8 X 10724 
em”, calculate the activity present in the sample expressed in counts per minute, 
4 hours after removal from the pile. Cross section is defined as fraction of neutrons 
per square centimeter absorbed by an atom. 


APPENDIX 


This appendix includes the derivations of several equations which are mentioned 
in the text but not derived there. It contains also advanced material such as 
the Debye—Hiickel theory, the detailed methods for calculating the activities of 
electrolytes, an introduction to the statistical thermodynamical approach, and a 
qualitative outline of the estimation of activation energies. 


Partial Differentiation and the Gas Law 
(Page 696) 


The fundamental formula of partial differentiation shows that, if wu is a function 
of both x and y, then, 
01 fe) 
du = (=) dx + (=) dy (1) 
Ons] y OY/ x 


If it is applied to a specific case, for example gas, it is evident that the volume v 
of the gas is a function of both pressure p and temperature 7. Each of these variables 
affects the volume independently of the other. Then, 


ov ov 
= ( — —) aT 
dv = (5) 0 + (Sa), @ 


This equation may be expressed in words as follows. The slight change in the volume 
of a system, produced by changing temperature and pressure simultaneously, is 
equal to the sum of the two quantities: (1) the change in temperature multiplied by 
the rate at which the volume changes with temperature alone and (2) the change in 
pressure multiplied by the rate at which volume changes with pressure alone. 

This equation can be used to derive the simple gas law given as equation 1 on 
page 5 from Boyle’s law and the law of Gay-Lussac and Charles. Differentiating 
Boyle’s law, 


k 
v =— (T constant) 
P 


(=) ” ky + pv v 
op/ r Pp p p 


and differentiating the equation of Gay-Lussac and Charles, 


yields 


v =keT (p constant) 


ov v 
—) =k == 
lees ; £ 
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Substituting these values of (v/dp)r and (dv/dT'), into equation 2 yields 


D) v 
=-—-d — dT 
dv 3 P+ a 
or 
dv dp 4T 
v p ih 


Integrating, we have 
Inv + In p = In T + In constant 


or 


| 


pv = constant X T 


This is more generally written in the form pv = nRT as given in equation 1 on page 5. 
where n is the number of moles of gas and # is the gas constant. 


Evaluation of van der Waals’ Constants a and b 


(Page 15) 


The three roots of van der Waals’ equation become equal at the critical temper- 
ature where B, C, and D unite in a point as shown in Fig. 6. Then, 
eee ; a ab 
e-(6+==)0 +—v—-—=0 (1) 
Pe Pe Pe 
where the subscript c¢ indicates the critical state and the three roots v1] = v2 = v3 are 
all equal to v-. Then, v — », = 0 and (v — v,)? = 0. Expanding by the binomial 
theorem yields 
(wv — v,)? = v? — Zn.v? + 80,20 — v2 = 0 (2) 


Equating the coefficients of v in equations 1 and 2, we have 


Bue = — (3) 
: Pc 
and, equating the constant terms, 
3. @ : 
Ver = a (4) 
c 


It is possible then to determine the values of the constants a and b for any gas from 
a knowledge of the critical volume and critical pressures, thus: 


& = 3pcde" (5) 
Dividing equation 4 by equation 3 gives 
Ue 
b=— 
: (6) 


By equating t&e coefficients of »? in a similar manner and substituting the values 
of v, and p, it can be shown that 
- 8 Pcve 

3 T, (7) 


R 


Obviously a, b, and & must be expressed in the same units as p and v. 
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The Beattie-Bridgman Equation of State 
(Page 21) 


The Beattie—Bridgman * equation is 


_ kT Cc Ao a 
v+3e(t-5) [1-735] - 20-9) 
Ve l nig V VE av? V 
The five constants must be evaluated from experimental data on each gas. They 
are recorded in the literature for a few of the common gases. For carbon dioxide, 
the constants are Ap = 5.0065; Bo = 0.10476; a = 0.07132; b = 0.07235; c = 6.60 


< 10°. The equation may be illustrated by calculating the pressure p exerted by a 
mole of carbon dioxide at 50.00° in a given volume. 


_ 9.08206 X 323.15 


072: : 5 
[ v + 0.0476 (1 - =) [ sraieia | 


V2 V ~ V(323.15)3 
5.0065 ( eats: 
v? V 


When V = 0.300 liter 
p 294.66 (0.300 + 0.079495)(0.9348) — 55.63 (0.76227) 
104.53 — 42.41 = 62.12 atm 


Distance between 111 Planes 
(Page 50) 


1 
din =— 


In Fig. 15c or 16c¢ three (111) planes are shown, and the vertical distance between 
any two of them is to be calculated. Proceeding from the origin (that is, the central 
point in the lowest central line), one finds the oblique line ending in an arrow, at 
right angles to the plane. This is the distance d which is sought. 

If the line is continued until it hits the upper right-hand corner, it forms a diagonal 
of the cube. Geometrical considerations show that the diagonal of the cube will 
intersect the planes at right angles. 

Now, the length / of the diagonal of a cube is given by the expression, 


met? ye (1) 
where z, y, and z are the three sides of the cube. But, by definition of the (111) plane, 
t=y=2z=1 (2) 


since the plane cuts each of the three axes at a distance of unity. 
Then, 
PaeP?t+yYftig=a?P+r+1=3 (3) 


By inspection of these figures it is evident that the diagonal is divided into three 
sections by these three parallel (111) planes. When other cubes are laid down around 


* Beattie and Bridgman, J. Am. Chem. Soc., 49, 1665 (1927); 50, 3133 (1928). 
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these cubes, it can be seen from the intersection on the upper faces that the (111) 
planes are parallel and separated by constant differences. 

Then the distance d between the two planes or, in fact, between any two planes 
is given by the relation, 


Go a ge (4) 
Fama ee (5) 
or OA SN JB 


Calculation of Refractive Index from Angle of Refraction 
(Page 68) 


The light passes through the (Pulfrich) refractometer prism as shown in Fig. 160. 


Fic. 160. Calculation of refractive index from angle of refraction. 


The refractive index n at the air—liquid interface may be obtained from the refrac- 
tive index N at the air—glass interface and the refractive index n; at the liquid—glass 


interface. If N is divided by m1, the refraction in glass can be made to disappear. 
Therefore, 


N N 

n=—-=— (1) 

ny sin I 

sin R’ 

But J’ = 90°, and sin J’ = 1, 
N 
i ae N sin R’ (2) 
sin R’ 


and, since sin R’ = cos R = V1 — sin? R 


n =NV1 — sin? R (3) 
For air-glass, 
a SIU ae wR - snl 
sn RB? or sin ae (4) 
and, substituting, we have 
sin? J a 
eH Ne = VN? — sin? I (5) 


The value of the refractive index N of the glass prism against air is supplied with the 
refractometer. 
4 
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Cp — Cp — R 
(Page 115) 
The method of partial differentiation may be illustrated in the following proof that 
C=O =k (1) 
This equation was developed in a different way on page 115. The molar heat ca- 
pacity at constant pressure Cy is defined as the rate of change of enthalpy with 


temperature at constant pressure. The molar heat capacity at constant volume C, is 
defined as the rate of change of internal energy H# with temperature at constant 


volume. a a 
ce) 0 
Cre (=) dite (= 2 
j 3 aT i “a aT)» @) 
Therefore, 
- 6 = (57) - Ga), 
a [= | in ( 
ui edd ees ids 
ok Ov oH 
Gr)? Gr),- Gr), @ 
But, since # is a single-valued function of the variables 7 and », it follows that 
oE oH 
dH = | —) dT ==)) @ 4 


and differentiating with respect to 7’ at constant pressure gives 


(r),= Gr), Go )a(<r), ® 


Substituting in equation 3, we obtain 
ov 0H 
7),+?Gr),- Gr), © 


oO = (Fr) + (SoG 


But for an ideal gas (0H /dv)r = 0 (page 110). Hence equation 6 becomes 
ov 
eee Gee (=) (7) 
Dp 


and, since v = RT'/p, we may replace (dv/07')y by &/p, and equation 7 then simplifies 
to 


Op — Cy = R (8) 


The use of partial differentiation may be illustrated further in the study of the 
Joule-Thomson effect discussed on page 112. 

Since # is a single-valued function of any two of the three variables T, p, and 1, 
the general rule for partial differentiation may be applied; choosing temperature 
and pressure as the variables, we may write 


oH oH 
eal (pees 7 ascaeis d 
Galea Gseyca : 
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But, in case of the free expansion of gas, H is constant and dH = 0, so that, on re- 


arr anging ter ms, € ha ve 


Op/ H (= Cp 
oT) p 
Writing for H its equivalent # + pv, we have 
¥ (= + my 
(22) - op 7 ~ (2 > (7). (11) 
Op/ H Cp aes Cp 


In this equation — (dH/dp) corresponds to the decrease in internal energy as the 
molecules are crowded closer together, a process which liberates heat and causes the 
temperature to rise if the system is thermally insulated. According to this term a 
decrease in pressure should produce a drop in the temperature. 


If we neglect the term — a =n and consider only the last term of the equa- 


tion, if pv increases when p decreases dT /dp will have a positive value, and the gas 
will tend to be cooled when the pressure is decreased by the passage of the gas through 
a porous plug. If pv decreases when p decreases 0(pv)/dp will be positive, and dT’ /dp 
will be negative, indicating that the temperature will rise. 


The Carnot Cycle 
(Page 160) 


The Carnot cycle makes use of an imaginary engine operating through a reversible 
cycle as indicated in Fig. 161. One mole of an 
ideal gas is enclosed in a cylinder with a 
weightless frictionless piston and subjected 
to the following four successive steps. 

1. AB represents isothermal reversible ex- 
pansion from v4 to vg at temperature 7». 


wap = area ABB’A’ = RT2In ie 
vA 
qAB = WAB (1) 


Pressure 


2. BC represents adiabatic expansion from 
vp to vc. The temperature drops from T> to 
the lower temperature 7. No heat is trans- 
ferred, and the energy for doing the work 
must come from the cooling of the gas, AE. 


iC 


qsc = 0 


| 
| 
\ 
i 
\ 
| 
| 
! 
| 
! 
1 
| 
! 
| 
4 
\ 
j 
! 
| 
' 
| 
| 
! 
| 
! 
| 
1 
( 
' 
| 
' 
| 


waco = area BCC’B’ = C,(T2 — T1)_ (2) 
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cycle. (3) 
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3. CD represents isothermal reversible compression from vg to vp at temperature 
ie 


area CC’D'D = RT, in 
vG 


web = qcD (4) 


tl 


WCD 


4. DA represents adiabatic compression from vp to v4. The temperature rises 
from T; to T». 


qpa = 0 
wpa = area DD'A'A = C,(T, — Te) = —C,(Te — T) (5) 
Also, * 
Cn = =f ln (6) 
4 hi UD 


The gas is now at its starting point under the original conditions of temperature, 
pressure, and volume, and the four steps constitute a reversible cycle. Work done 
by the system w is given by the area, ABCC’A’, and work done on the system by 
its surroundings is given by the area, CDAA’C’. More work is obtained at the 
higher temperature than is required at the lower temperature, and the net work is 
represented by the area ABCD. To offset this surplus work a quantity of heat is 
transferred from a higher temperature 7’. to a lower one 7. This work represents 
the maximum work obtainable because the cycle is reversible. 

The total work w is as follows: 


v 
w= wap + wec + wep + woa = RT2 n= + C,(Po = 11) 
A 


v 
+ RT, In ee i= CAT) 2 (7) 
en RT Wee eo ly BT (8) 
VA vC VA UD 


In order to obtain a further simplification, the last equations of steps 2 and 4 are 
compared: 


Gls Ty v¢G 
] = —| c 
R T2 ¥ UB ) 
and 
C T2 vA 
a eae 10 
R s ey : UD ( ) 
or 
G; Ty VD 
See ll 
oe ae rh au) 
Obviously, 
eae (12) 
| vB OMA 
_ and rearranging gives 
As eo (13) 
UD vA 


*Tt may be noted that all the work terms are added and that the relative magni- 
tudes of the final and initial states determine the sign. 
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Substituting equation 13 into equation 8, we have 
v vB 
ee RTg he RE de (14) 
vA vA 
Dividing this equation by gaz = R72 In vg/va, as given in the first step, yields 
VB 
R(T, — 7) n— 
w v VA T, — T, 


we (15) 
one RT in ; 
vA 


Writing q2 instead of gap for the heat absorbed at the higher temperature 7's, and 


remembering that the work is maximum work because the cycle is reversible, we find 


T, —T 
Wmax. — {2 Soriiga (16) 


This is the same as equation 39 on page 160 derived in a more general way. 


The Maxwell Distribution Law 
(Page 368) 


The mathematical statement * of the distribution of velocities is 


d M \% ‘ 
= sie es, oe et @) 


where M is the molecular weight, v is the probable velocity of the molecule, and 
dn/n is the fraction of the molecules having velocities between »v and »v + db, 
n being the total number of molecules, which is a constant. 

Introducing H, the energy expressed in calories per mole, we find 


E = 3Mv? 

dE = Mvdv : 

dn 2, 1 \% _ayer 

— = —— E“% dE 

ee bar) z @) 


This gives the fraction of the molecules having energies between E and E + d#. 

Of particular interest in physical chemistry is the number of molecules n’ having 
energies greater than some fixed value E per mole. 

Integration between # and infinity gives nz’/n, the fraction of molecules which 
have energies greater than E. 


Le al = 4 B/RT v 
n lela) SMe ae 3) 
2 /£ | RT ING 
aarp eaeea (omnes ita pe oa 
Sell 2) ; + on aa 


* A derivation is given in Glasstone, “Textbook of Physical Chemistry,” D. Van 
Nostrand Co., New York, 1946, page 267. 
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In practical applications E is large compared to RT, and so the only term of impor- 
tance in the brackets is the first, or 


Fane oes = 4, —H/RT (4) 
n a/a \RT 
The Rate Equation 
(Page 376) 
Eyring’s equation for the activated complex is 
RT 
ip = ae eASa/Rp—AHa/RT (1) 


The concentration of the activated molecules is given in terms of an equilibrium 
constant K, and the concentration of the reacting molecules, thus: 


J 24M RT 
Cactivated molecules = /aCreactants Nh? l 


In MRT 
= oa (| N2h2 i :) Creactants (2) 


where the term under the square-root sign allows for the fact that, in addition to the 
three translational degrees of freedom, there is an extra degree of freedom along which 
the activated molecule is decomposing. WN is the Avogadro number, h is Planck’s 
constant, and / is a measure of the width of the activated state on the energy surface. 
The activated molecules are moving along the top of the energy barrier with a velocity 
VJ RT/2xM so that the length of time spent in the activated state is l/ V/ RT/2rM. 
Then the rate of the reaction is given by the expression, 
2rMRT 
. : Creactants 


o7AFa/RT ( nt : 
number of molecules in activated state N?h? 


Rate = : ; 5 = 
average time spent in activated state cee 
2M 
3) 
RT 
Rate = 7 eAFe/*?crenetants (4) 
and 
eer. 
= op etia/Rp—AHa/RT (5) 


The term «x is included to allow for the probability that a molecule once fully 
activated will give the products of the reaction. Ordinarily, it is assumed that this 
probability is practically unity, and « is neglected. 
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Debye-Hiickel Theory 
(Page 512) 


Surrounding any ion in a solution there will be on the average a greater number of 
ions of opposite charge than of like charge, as a result of the attraction of unlike 
charges and repulsion of like charges. For a 1-1 electrolyte, the number of positive 
ions dn, or of negative ions dn_ in a volume dV at a distance r from a particular 
ion will be, according to the Boltzmann distribution law, 


dns. = ne~%/*? ay (1) 
dn— = net ¥/*T gy (2) 


Here n is the total number of positive or negative ions divided by the total volume, 
k is the Boltzmann constant, and « is the charge on a univalent positive ion. y is 
the electric potential or the work required to bring a unit positive charge from infinity 
to a distance 7 from the selected ion. The number of ions in the volume dV will, of 
course, fluctuate as the ions move about in the solution, but the equations hold for 
the values averaged over a period of time. 

The density of charge p will be 


(dn 4.— dn_)e 
Cae So 


qv = nee Ve? _ eb kT) (3) 


Expanding the exponential terms into a series and neglecting higher terms, we have, 
as a close approximation for small potentials, 
Ine 
kT 


(4) 


p= 
The Poisson equation, derived from Coulomb’s law, also relates y and p. Since 
y depends only on 7, the equation is 


ap 2dyp _ —Arp 
dr? rdr D 


(5) 


In this equation D is the dielectric constant of the medium. Substituting equation 4 
into equation 5, we have 
ay  2dpy S8rney , 


de® ‘dr DeT  “* 6) 

where 
a 8rne : 
* Det @) 


It can be verified that a solution of equation 6 is given by 
e kt ek 


ae oe 


Uf Vie 


Tr 


p=A 


(8) 


and, since there are two independent arbitrary constants A and B, this must be a 
general solution. The potential must approach zero as the distance r from the 
selected ion becomes very large, and so B must be zero; otherwise the term e*”/r will 
make y very large at large values of r. 
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A can be evaluated by making use of the fact that the total charge surrounding 
the ion (which we will assume to be positive) must be —é, since the solution as a 
whole is neutral. Comparison of equations 5 and 6 shows that 

Dry a D*Ae7** 

4a Aur 


jy = 


(9) 
e 
Hence, integrating (by parts) from the closest distance of approach of the ions, which 


we will call a, gives 
ive} 
== {) Arp dr 
a 


foo) 
es f Di2Ae=" dr 
a 


= —DAe~*(1 + xa) (10) 
Therefore, 
aap (11) 
~ DL + xa) 
and 
ee @—7) 
= —————_ 1p. 
w DQ + xa)r Me) 


The potential at the ion is the value of y at r = a, 


€ 


Y= Da + saa 


In calculating the activity coefficients and other properties of the solution, Debye 
attributed all the deviation from the behavior of ideal solutions to the electric charges 
on the ions. Consider the following imaginary process:* 


1. Gradually discharge an ion in an extremely dilute solution of the electrolyte. 
2. Transfer the discharged ion to a more concentrated solution. 
3. Gradually charge the ion again. 


The changes in free energy in steps 1 and 3 are equal to the electric work done on 
the system, and the free-energy change in step 2 is the same as for ideal solutions. 


qd 


PF sad Be ia 
AP = = 
7 pee 2 [mse ++ Kaa : 
» 
=— (x = 0 here) 
2Da 


RT 
APS ait erin 


at) co 


where ¢ and cp are the concentrations of the final and initial solutions, respectively 


| Seopa Pre Dee ealo 


& eK 


aes 


~ 2Da 2D. + xa) 
* Guntelberg, Z. physik. Chem., 123, 199 (1926). 
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Therefore, 2 
= Fy ape (14) 
ee Be ie c 2D + xa) 
The free-energy change is also given by the equation, 
4 fs 
‘ FA Ppt lo org cca Bah (15) 
N a Co 


where y is the activity coefficient of the ion in the final solution. y = 1 in the initial 
solution. . 
Comparing equations 14 and 15, we see that 


ek 


TW) = a 
ee 2D(1 + xa) 


(16) 


If we use equation 7 and n = c/1000N, where c is the concentration in moles per liter 
and WN is the Avogadro number, equation 16 may be written as 


P mi Sree 
© N1000N DET 


logy = — (17) 
2.303 X 2DkT(1 +44] Sate 
erat “N 1000N DET 
If c is small, equation 17 becomes 
log y = —Av/e (18) 
where 
3(Q7)32 
= Mensa ee (19) 
2.303(DkT)*2(1000N) 2 


This equation was derived for a 1 — 1 electrolyte. The expression for the activity 
coefficient of other types of electrolytes in solutions containing different electrolytes 
(page 470) can be derived in a similar manner. 

For water at 25° A = 0.503. 


Calculation of Activities of Electrolytes from Electromotive-Force Measurements 
(Page 472) 
The determination of activities of electrolytes by extrapolation to infinite dilution 


may be illustrated with hydrochloric acid. 
The following cell without transference, * 


Pt, He (1 atm); HCl(m); AgCl; Ag 


is reversible with respect to both electrodes, and its voltage depends on the activity 
of hydrochloric acid. The cell reaction is 


3H2 + AgCl = H+ + Cl- 4+ Ag 


The activity coefficient of the hydrochloric acid is represented by y, and at each 
concentration the activity of the hydrogen ion is ym and that of the chloride ion is 
also ym, where m is the molality. 
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The electromotive force of the cell is given by the equation (page 451): 


JE. C28 xX tei ea RT 
E =F? fe ee es Ip? (1) 
nk AngcitH,” Fr 


where E is the measured potential and E° is the standard potential, that is, the 
electromotive force of the cell when the activity of hydrochloric acid is unity. Rear- 
ranging and putting in numerical values for 25° gives 


E + 0.1183 log m = E°® — 0.1188 log y (2) 


Since at infinite dilution y = 1 and log y = 0, it can be seen that, when E + 0.1183 
log m is plotted against m, the extrapolation of E + 0.1183 log m to m = 0 will 
give E°, 

In order to make a satisfactory extrapolation, use is made of the Debye—Hiickel 
theory to furnish a function which will give nearly a straight line. From this theory 
is obtained the following expression for the activity coefficient of any 1-1 electrolyte 
(for example, HCl) in dilute aqueous solutions at 25°, 


log y = —0.509 4/m + bm (3) 


where 6 is an empirical constant depending partly on the radii of the ions (page 518). 
Substituting in equation 2 and rearranging terms yields 


E + 0.1183 log m — 0.06024/m = E° — (0.1183b)m (4) 


According to this equation, the left-hand side, which we will designate as E’, will 
give a straight line when it is plotted against m, and its value at infinite dilution is 
E°. Actually, the line will be somewhat curved, since equation 3 is exact only in 
very dilute solutions, but the extrapolation of E’ can usually be made without 
difficulty. 

In Table I are given the measured electromotive forces and values of E’ at various 
molalities, and, in Fig. 162, E’ is plotted against m. The extrapolated value is 


TABLE I 


ELECTROMOTIVE ForcE OF CONCENTRATION CELLS or HCl]! 


m IB, E’ 
0.003564 0.51527 0.22207 
0.004488 0.50384 0. 22204 
0.006289 0.48747 0.22188 
0.008636 0.47135 0.22162 
0.011195 0.45861 0.22144 
0.01710 0.43783 0.22092 
0.02563 0.41824 0. 22036 
0.05391 0.38222 0.21820 


1 Harned and Ehlers, J. Am. Chem. Soc., 54, 1350 (1982). 


0.2224 volt. This is the electromotive force of the cell when hydrochloric acid is at 
unit activity (that is, is in its standard state), and it is also the negative of the silver— 
silver chloride standard electrode potential. Similar methods have been used for 
calculating other standard electrode potentials. 


684 APPENDIX 


The value of E® having been determined, the activity coefficient of hydrochlorr 
acid is obtained from the electromotive force of the cell for any concentration of HCl. 


0,223 


0.222 


0.219 


0 0.01 0.02 0.03 0.04 0.05 0,06 
Molality 


Fira. 162. A function of electromotive force measurements extrapolated to infinite 
dilution for determining the activity coefficients of hydrochloric acid. 


For example, if the electromotive force of the cell on page 682 is 0.3524 volt for 
m = 0.1, y may be calculated for 0.1m HCl (at 25°) as follows: 


0.3524 = 0.2224 -- 2 X 0.05915 X log (0.17) 
= 0.2224 — 0.1183 log 0.1 — 0.1183 log y 
log y = (0.2224 — 0.3524 + 0.1183)/0.1183 = —0.0989 
y = 0.796 


Calculation of Activities of the Solvent from the Activities of the Solute 


In a binary mixture N; + No = 1, where N, refers to the mole fraction of the sol- 
vent and N» refers to the mole fraction of the solute, 


dN, = —dN2 (1) 
but since dln N = dN/N 
NidinN, = —Nedin No (2) 


Furthermore, it can be shown that, for changes in concentration in binary mixtures 
at constant temperature and pressure, the free energy F (or any additive property) 
is governed by the equation, Nj dF, + NodFz = 0. Rearranging, we have 


Ne 
dF, = — —dF 
1 Vee (3) 
Substituting in this equation RT d In a for dF as given on page 277 gives 


N 
dlnay = — a d\n ag (4) 
1 
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‘Subtracting equation 2 from equation 4, we have 


dines es es eld (5) 


At infinite dilution the solution is essentially the same as the solvent, and then the 
activity a1° of the solvent is practically the same as the mole fraction Ny. Then, 


0 0 
ay ay 
—=1 and log—=0 
Ny eNY 
and integrating equation (5) between infinite dilution and some specified mole frac- 
tion gives 
log —! reat (6) 
oe —— == — og — 
oN 1 0 k EN 2 


Now the integral on the right-hand side of the equation may be determined if the 
relation is known between N2/N, and log a2/N9; or it may be evaluated graphically 
by plotting No/N, against log a2/Ne and finding the area under the curve. 

This method * can be used to determine the activities of mercury in a thallium 
amalgam at 20° from a knowledge of the activities of thallium as illustrated in 
Fig. 163. The activities of thallium in mercury solutions were readily obtained by 


1.0 


Na 
Ni 
S 2 S 
> a to 


Mole Ratio Thallium to Mereury 
S 
nw 


0.0 0.2 0.4 0.6 0.8 1.0 
log G2, 
Fic. 163. Graphical method for determining the activities of the solvent from those 
of the solute. 


measuring the potential difference between two amalgams of different concentration 
in contact with a solution of thallous sulfate. The measurements were carried to 
low concentrations, and then the value of E° was determined by extrapolation in a 
manner similar to that described for hydrochloric acid. In Table I the activities 
of thallium obtained in this way, at various mole fractions, are divided by the mole 
fractions and shown in the fourth column. 


* Lewis and Randall, J. Am. Chem. Soc., 48, 233 (1921); “Thermodynamics and 
the Free Energy of Chemical Substances,’”’?’ McGraw-Hill Book Co., New York, 
1923, page 269. 
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TABLE I 


Activities or Mmrcury IN THALLIUM AMALGAMS 


ee ede Mole Activity Tl Activity Hg | Activity 
oe pas Ratio Mole Fract. Tl | Mole Fract. Hg Hg 
N. N Yl N/M a2/N2 a/Ny ay 
2 1 
0 1 0 1 1 1 
0.005 0.995 0.00502 1.06 0.9998 0.995 
0.01 0.99 0.0101 Lots 0.999 0.989 
0205 0.95 0.0526 1.80 0.986 0.937 
0.1 0.90 OSEUE 2.84 0.950 0.855 
OF 0.80 0.250 4.98 0.866 0.693 
0.3 oso eden ae a ee eee y 
0.4 0.60 0.666 CeO 0.734 0.440 
0.5 0.50 1.000 7.98 9.704 0.352 
| 


In Fig. 163 a dotted line is shown corresponding to a mole fraction of thallium 
of + (mole ratio of 4), and the activity of the mercury at this concentration is readily 
obtained after measuring the area under the curve out to the intersection with this 
dotted line. This area, (; as a d log = , is equal to —log a;/Ni, from which 
a,/N, and a, may be calculated Tenis: ‘ The data of the last two columns were 
obtained by this method, carrying out the graphical integration to different limits. 

A similar method can be used for calculating the activity of the solute from that 
of the solvent, but here the curve approaches the axis asymptotically, and the deter- 
mination of the area is inaccurate. It is more satisfactory, then, to plot some arbi- 
trary function of the activity of the solvent which approaches zero at infinite dilution. 
Such a method is particularly valuable in aqueous solutions where the activity of 
the solvent may be determined easily, 


Calculation of Activities from Freezing Points 


The activity of water is diminished by the addition of a solute, and this lessening 
of the escaping tendency leads to a lowering of the freezing point. Since freezing- 
point depressions can be measured more accurately than the other colligative proper- 
ties of solutions, they are often used for determining the activities of the solvent, 
and, with an equation similar to equation 6 on page 685, they are used for determin- 
ing the activities of the solute. Earlier in the book (page 237) it was shown that 
the concentration of a solute can be calculated approximately in a dilute solution 
when the freezing point of the solution and that of the solvent are known; but in 
calculating activities with precision it is necessary to know the freezing points not 
only of solutions of the specified concentrations but also of several additional con- 
centrations out to extreme dilutions. The following equations can be obtained from 
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earlier pages, and with the proper substitutions it is possible to obtain a working 
equation from which activity coefficients can be obtained from molalities partly by 
graphical integrations. Application of the Clapeyron equation (page 174) to the 
vapor pressure of ice ps and of pure supercooled water p; at the same temperature 
gives 


pi AH, — AH, _ AHs 
Gass TR VoRT? 


(1) 


where the AH values are the heats of sublimation, vaporization, and fusion, respec- 
tively. Strictly speaking, fugacities rather than pressures should be used, but the 
pressures are low enough to be nearly equal to the fugacities. 

At the freezing point of the solution the vapor pressure pz of the solution equals ps. 
If pure liquid water is chosen as the standard state at any temperature, so that the 
activity of water in the solution is a; = p;/pi, the following equation results: 


Pl Ds 
tin— din— 
ding, "pr | "pi _ AHy (2) 
oe (dia GT pelle RT” 


Assuming that AH; is constant and integrating between the limits 7’, the freezing 
point of the solution, and 79, the freezing point of pure water, where a, = 1, we have 
— AH; (To — T) — AH; 


In ay = — 


TTo RT?’ 


AT; (3) 


the last term being a good approximation when AT’; or TJ) — T is small. This equa- 
tion relates the activity of water in a solution to the freezing-point depression. It 
gives the activity at the freezing point of the solution, but the activities in a solution 
of given concentration are so nearly independent of temperature if the solution is 
dilute that a; can be considered as the activity of water in the solution at a specified 
temperature, say, 25°. 
When the concentration is changed at constant temperature and pressure, 
= Ne 


dina = ™ d\n ag (4) 


where dz is the activity of N1 the solute. 
The corresponding change in A7’y will be given by differentiation of equation 3: 


AH 
dina = Say UAT) (5) 
0 


The activity a2 of an electrolyte of type A,B, is related to the activity coefficient 
vy and molality m by 
a2 = (y X am)*(y KX ym)” = (ym)’a*y" (6) 


where »y = x + y is the number of ions per molecule. Thus, for BaCle, 
ag = (ym)(y X 2m)? = (ym)? X 4 
Taking logarithms in equation 6 and differentiating gives 


diInag =vdiny +vdinm (7) 
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and combining equations 4, 5, and 7 yields 


d AT 
» dlnaee bd ase ed AT : (8) 
2 0 


~ 1.860m 
Numerical values for water are used to give 1.860m in the last term. 

Graphical integration of a plot of 1/1.860m against AT’ can be used to evaluate 
relative values of y with the aid of this equation, but, since 1/m becomes infinite at 
m = 0, the equation is not convenient for extrapolation to infinite dilution. To 
avoid this difficulty, the 7 function is introduced as follows: 


AT; 


Aer Pe Mette 
y 1.860vm 


(9) 
Since AT;/m approaches 1.860» in dilute solution, 7 approaches zero for m = 0. 


Differentiating gives 
—d AT; AT; dm 


by = 10 

1 = TF 360vm + 1.860rm? (10) 
—d AT; . dm 
= 1 =a ee 
1.860vm ™ I) m 


Substituting for d A7';/1.860m in equation 8 and rearranging gives 


J _dm 
ding = —dj.—7— (11) 


m 
Integrating between concentrations 0 and m, we get the final working equation, 
m dm 


ln = ji — (12) 


where 7¥ is the activity coefficient at the molality m. The last quantity in this equa- 
tion can be obtained by graphical integration of a plot of 7/m against m. 

In accurate work corrections can be made for the approximations made in this 
treatment, such as the change in AH and a, with temperature. 

Further material on the determination of activities from freezing-point measure- 
ments may be found in the literature.* 


Specific Diffusion Rate 
(Page 531) 
The formula for the diffusion rate of a colloid particle is 
Legh 
Nes 
where f is the frictional force opposing particles which move with a velocity of 1 em 
per second, and D is the specific diffusion reaction rate. 


D= 


* Randall and Vanselow, J. Am. Chem. Soc., 46, 2418 (1924); Scatchard, J. Am. 
Chem. Soc., 47, 648 (1925); Scatchard and Benedict, J. Am. Chem. Soc., 58, 837 (1936) ; 
Getman, J. Phys. Chem., 34, 1454 (1930); Robertson and LaMer, J. Phys. Chem., 
35, 1953 (1931); Harned and Owen, “The Physical Chemistry of Electrolytic Solu- 
tions,” Reinhold Publishing Corp., New York, 1943. 
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The velocity v of motion of a molecule under the influence of a force K is 
v= — (1) 


where f is the frictional resistance to the motion. If the concentration of the solution 
before a plane across which diffusion is taking place is c gram molecules per unit 
volume, cN molecules will be involved, with force K acting upon them, and 


ee Q) 


EY OH (3) 


ee i ee 4 
dx 


But the diffusion constant D is, by definition, the amount of solute which will diffuse 
in unit time, across unit area, under unit gradient of concentration; therefore, 


—D Fas vc (5) 
It follows immediately that 
D= BD x : (6) 
ae 


Bohr’s Formula for the Energy of an Electron in an Ellipticai Orbit 
(Page 570) 
2Qn?m(Ze)7e? 
e nh? 


Ey, = 


It is assumed that a negative electron moves in a circular orbit around a central 
nucleus which has a positive charge Ze, where Z is the atomic number and eé is the 
unit electric charge, that is, the charge of an electron or proton. 

The centrifugal force of the electron moving in its orbit is mv?/r, where m is the 
mass of the electron, v is the velocity, and r is the radius of the orbit, that is, the 
distance between the electron and the nucleus. 

The electric force of attraction is (Ze)e/r?, as given by Coulomb’s law. 

In the stable orbit the centrifugal force must be equal and opposite to the electric 
force in order to maintain equilibrium. 

Then, 


(1) 
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The total energy E is equal to the sum of the kinetic energy E, and the potential 
energy Ep. 


2 
E;, = jit = (2) 
and : ‘ 
E, = Ye dr = (3) 
Then, 
1Z2 Ze Ze" 
SnD are Gem cae: se 


The energy has a negative sign because the reference state with zero energy is 
taken as that state in which the electron is at infinite distance from the nucleus, and 
the lower limit of integration is taken asr = 0. 

These considerations apply to any coulombic field and can be applied to elliptical 
orbits as well as to circular orbits. 

The angular momentum p of the moving electron is given by the expression, 


p = mer (5) 
Then substituting equations 5 and 1 into equation 4 yields 


Ze? _ 4 e?mv eZ e Ze Ze* Ze’m mZ7e 6) 
2 


2p p 2p 


2r 2p ia 2p rv 


If this formula were strictly correct, H would change continuously over a wide 
range, and a continuous spectrum containing all wave lengths would be produced. 
To account for the discontinuous spectrum which is actually produced, Bohr assumed 
that the angular momentum of the electron in its orbit must be an integral multiple of 
h/2zx, where h is Planck’s universal constant. In other words, he assumed that the 
only values of p which are permitted by the restrictions of the quantum theory are 
those which meet the requirement of the equation, 


h 
2rp = nh or p= i (7) 

2a 

where 7 is an integer 1, 2, 3, 4, ete. 
Substituting into equation 6 gives 
mZ7e4(27r)? Qr?*mZ*e4 
eee Ey a eT (8) 
2(nh) n7hi 


Statistical Thermodynamics * 


Gibbs, Boltzmann, and others applied the method of statistical mechanics to the 
calculation of specific heats and other thermodynamic quantities, but the calculations 
did not agree with the experimental values. As explained earlier in this book, it was 
necessary to wait for the development of the quantum theory before correct calcula- 
tions could be made. It is now possible to calculate thermodynamic functions E, S, 


* Kyring and Walter, J. Chem. Education, 18, 73 (1941); Wilson, Chem. Rev., 21, 
17 (1940). 
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A, F, Cp, and C,, for many simple molecules more accurately than they can be deter- 
mined by direct experimental measurements. The treatment of more complicated 
molecules is still rather approximate, but important progress is being made. * 

The general principles involved in the application of statistical mechanics to 
physical-chemical problems may be illustrated with the help of a simplified hypo- 
thetical system consisting of molecules in the energy state A and molecules in the 
energy state B, which are in equilibrium with cach other; thus: 


A=" 


Then AF = —RT In K = —RT In (np/na) where n4 and nz are the numbers of 
molecules in the two states under these equilibrium conditions. For the sake of sim- 
plicity, it may be assumed that the energy in the A state is effectively zero, that is, 
it is in the ground state. 

Writing in the exponential form and remembering that AF = AH — TAS, we have 


oe Mg Ar /BE 
NA 


— -AS/R,-AH/RT (1) 


For this simple hypothetical system, it is assumed that there are no energy levels 
other than those found in the states A and B, and so there is no way in which heat 
can be taken up by raising the temperature, and the heat capacities and entropies 
of the separate molecules in the A state and B state are equal to zero. However, 
there may be several different states in which all the molecules have the same energy 
level. Such a system is said to be degenerate, and the degeneracy g is defined as the 
number of different states: 1, 2, 3, etc., which have the same energy content. Now 
these molecules of different configuration but equal energy content are uniformly 
mixed together in what may be considered as an ideal solution, and an “entropy of 
mixing” AS,, is involved, which is given by the expression: 


AS wren lin g 
which is derived as follows: 
It was shown on page 245 that the free energy of transferring a substance from the 
pure state to an ideal solution is given by the expression, 


AF = RT \InN 


where N is the mole fraction in solution. When several different substances comprise 


the solution, 
AF = RTN,\n Ni + RTNoIn No + RTN3 In Nz +--- 


but AS = (AH — AF)/T; and, for ideal solutions, AH = 0. 
Then, AS = —R(Ni In Ni + Noln No + Nz ln Nz +:::). 
In this system NV; = No = Nz, since it is assumed that all energy states are equally 


probable. 
Then AS = —RgN, In M, and, since 


1 
Ny=1 and — = 
gN1 an Mi g 


AS = Ring (2) 


* Pitzer, Chem. Rev., 27, 39 (1940); Wenner, “Thermochemical Calculations,” 
McGraw-Hill Book Co., New York, 1941, Chapters VII and VIII. 
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Substituting the value for entropy change AS in going from the A state to the B 
state, we have 
AS/R — (Rings—Ringa)/R _ 9B. 


gA 
Then 


LB eae e~4H/RT (3) 
NA QA 


where AH is the heat absorbed in going from the B state to the A state. Then, sub- 
stituting molecular quantities for molar quantities gives 


RB E28 - ahr 
NA gA 
where eg/kT is obtained from AH/RT by dividing through by Avogadro’s number. 


It is evident that, if a third state C were specified, the same formula would apply 
with subscript C taking the place of subscript B. In general, 


no go 


Ny z - fe 
Ce Gi ,—ei/kT (4) 


where no and go emphasize that the first state is the ground state and 7 represents 
any state. The number g; gives the a priori probability or the statistical weight of 
the energy state 7. 

These equations are known as the Maxwell—Boltzmann equations which constitute 
a theoretical foundation for many of the formulas which have been discussed in 
earlier chapters dealing with the influence of temperature on chemical equilibrium, 
solubility, vapor pressure, reaction rates, and so on. They can be derived also by 
statistical mechanics without the use of physical-chemical formulas. According to | 
one method a system of harmonic oscillators is used as the starting point. 

Rearranging equation 4 gives 


The sum of the nun.bers of molecules in all the states must equal the total number 
of molecules; hence, for a system of N molecules, 


no mae ar 
N = Dini = (=) Digse ei/kT 
go 


Now the total energy of the N molecules in excess of the energy in the ground state 
(approximately at absolute zero) is given by the expression, 


E® — By? = Dien; = iS Dyewgse e/*F 
go 
-e;/kT. 
iGie 
= (oer ze ) 
Digi ei /kT (5) 


where Ho is the energy of formation per mole of the molecules from gaseous atoms 
at absolute zero. These formulas may be written more simply if we use a function 
known as the partition function, defined as 


Q = Zigie 6? 
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Then, it follows that 


N 
ee Oe Rae hE 
ni = =~ gie 6 
Q! (6) 
and 2? — Bi) ae 
ie aE ES fee Wy re aH 
T (3) HiGieie 
N dQ ,adinQ 
= (—) kT? — = RT? 
() dT # aT @) 
Similar analytical expressions may be obtained: 
dE CO fag 
>= a= —He a 
e aT in 1 @) 
ee 
T 
dlnQ 
SI iP 
(ing + 7 — ©) 
—(F — #° 
( 7 ) = Rin Q — 1) (10) 


These formulas giving the thermodynamic quantities in terms of the function Q are 
of value because of the fact that analytic expressions can usually be found for Q 
which avoid the necessity of tedious summations. Spectroscopic evidence indicates 
that we may usually break up the energy of a given level ¢; into separate parts 
(page 595), writing 

€i = etr + €et + & + & (11) 


where these components are the translational, electronic, vibrational, and rotational 
energies, respectively. From the exponential nature of the partition function, it 
follows that we may write Q as a product of corresponding component partition 
functions: 


Q = Qi X Qe X Q X Q, (12) 


The thermodynamic functions themselves involve the logarithm of the partition 
function and may, therefore, be broken up into sums; for example, the entropy may 


be written 
S= Sir SS elias Sy +S, (13) 


It is found that in almost all cases the electronic-energy levels lie so high that only 
a negligible fraction of the molecules are electronically excited by thermal agitation, 
and, hence, the electronic contributions may usually be ignored. The vibrational 
contributions are evaluated by summation. The translational and rotational con- 
tributions may be closely approximated, at ordinary temperatures, by analytic 
functions of the molecular weight, and by moments of inertia of the molecule. 

Tables are now available giving values of —(F° — Eo°)/T' at various temperatures 
for many of the hydrocarbons and simple molecules. * 


* Pitzer, Chem. Rev., 27, 39 (1940); Wilson, Chem. Rev., 27, 17 (1940); Wenner, 
“Thermochemical Calculations,’’ McGraw-Hill Book Co., New York, 1941; Johnston 
and Davis, J. Am. Chem. Soc., 56, 271 (19384); Rossini and associates, “Physical 
Chemical Properties of Pure Hydrocarbons,” National Bureau of Standards and 
American Petroleum Institute, Washington, D. C., 1947; Hougen and Watson, 
‘““Chemical Process Principles,’ John Wiley & Sons, New York, 1947. 
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Using these values together with one experimental value in order to calculate 
AE ®, one can calculate A¥® and, thus, the chemical equilibrium constant, using the 
relation —AF° = RT ln K. 


Calculation of Activation Energies 


It is to be hoped that theoretical chemistry will provide a means of calculating 
from a few fundamental constants not only the thermodynamical quantities and 
equilibrium constants (pages 286-690) but energies of activation and reaction rates 
as well. A beginning has been made. However, so many more variables are in- 
volved, such as time, catalysts, foreign materials, and light, that the developments 
will be much slower, and the results will be subject to much greater errors. Moreover, 
in thermodynamics one can handle and measure the substances involved, but in 
chemical kinetics many of the most important substances have only a fleeting exist- 
ence and cannot be investigated by direct methods. However, from a practical 
standpoint the prediction of reaction rates is so important that even approximate 
results are welcome. 

The importance of the activation energy and its use in calculating reaction rates 
with the formula, 

freer eae (1) 
were stressed in Chapter XIV. If one could place all the atoms involved in a given 
reaction at all different positions in space and determine the energy of the system 
at all these different spacings he would then know the most stable products and the 
energies required to bring up the reactants into such positions that the given products 
would result. The problem is complicated because every atom interacts with every 
other atom and because, as already explained, there are both electrostatic and quan- 
tum mechanical attractions. 

The problem has been attacked by Eyring.* It is asswmed that the atom pairs 
retain their individuality until they reach such a configuration that the atoms can 
either return to give the original molecule or rearrange to give the new products. 
The general plan is to build up curves giving energies as a function of distance for all 
the different atom pairs and arrange them in three dimensions with energies plotted 
vertically from a basal plane. Theoretically, these curves can be built up from quan- 
tum numbers and spectroscopic constants when these are known sufficiently well. 
In the absence of these more complete data, Morse curves are used, as described on 
page 588, and in calculating them it is necessary to know three things: the vibration 
frequencies of the atoms, the interatomic distances in the normal molecule, and the 
heats of dissociation. These constants are now available for several atom pairs. 

Energy contours are built up by solving the complicated equations which allow 
for the mutual interactions between all the atoms, and the object is to find the least 
amount of energy which can be supplied to push the atoms from their stable positions 
in the reactants to their stable positions in the products. In other words, the lowest 
mountain pass separating two valleys in an energy contour map is sought, and the 
height, of this pass is the energy of activation. 

Such an energy contour map is shown in Fig. 164 for the addition of bromine to the 
double bond of an unsaturated organic compound. The two bromine atoms in the 
stable bromine molecule rest in energy valleys running vertically on the page. As 


* Eyring, Chem. Rev., 10, 103 (1932); Glasstone, Laidler, and Eyring, “Theory of 
Rate Processes,’ McGraw-Hill Book Co., New York, 1941. 
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they come close to the carbon-carbon double bond, the old forces of attraction 
are altered, and the new ones are formed. After going over an energy hill at the 
lowest possible point, they settle down into low-energy valleys again in a stable 
carbon—bromine compound. The routine calculations are reduced because the only 
object is to find the minimum energy required, and rough estimates are adequate 


Br Atom to C-Br 


30 25 23 22 
23 
\ 24 
25 
30 
2 
a 
\ 
o 
“ 
3 23.2 


\ 


80 252220, 2021222324 25 30 


Yer-Br = 2-28 Br Atom from Br-Br 


Fia. 164. Energy contour map for the addition of bromine to the carbon double 
bond. 


for most of the map; special care and frequent calculations are necessary only in the 
region of the pass separating the two valleys. An enlarged scale of this region is 
shown at the right in Fig. 164. The approximations necessary to give practical 
solutions for calculating these energy contours are so great that the method is not 
yet satisfactory. 
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Mathematical Formulas * 
CALCULUS 


A = small finite increment; d = differential; dy/dz = derivative = limit of Ay/Axr 
as Az approaches zero 


y =x"; dy/da = naz! 
y = file) + fox); dy/dx = 
y =k; dy/dx =0 

df(x) 
y = f(x); dy/dz =k r 
y = w; dy/dx = udv/dx + vdu/dz 
v du/dx — u dv/dx 

y 


dfy(z) , dfo(z) 
dz a dz 


y = u/v; dy/dz = 

y = e; dy/dx = e 

y = loge x; dy/dx = 1/x 

y = log x; dy/dx = 0.4343/z 
logg € 

y = loge 25 dy/de = 

y = a*; dy/dx = a” log. a 


of _ dfelfilz)] —, dffi(z)] 
y = falfi(x)|-dy/dx = diva) x a 


For a maximum or minimum or point of horizontal inflection, dy/dz = 0. 
For a differential, dy = (dy/dz) dz. 
For partial differentiation where u = f(z, y, 2), 


Ou Ou Ou 
w= (5), 2*G). 4+ Ged 
“ (& etal oy es dz Aare 


fac=2+¢ 


[= de =2H/n +1) +40C 

fetae = logee he 

it Kile) de = k i f(a) de 

[i@ + h@ +H@iae = fie) ar + fhe) de + fis) ax 
futselas = fica + [i(2) dx = ke + [4@) ax ews 

f ede =e +C 


* An elementary treatment of the mathematics needed for the study of physical 


chemistry is given by Daniels, “Mathematical Preparation for Physical Chemistry,” 
McGraw-Hill Book Co., New York, 1928. 
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fo at =o z +C 

loge a 
fro. « dx = x(loge-x —1) + C 
free xdx = 0.4848x(log x — 1) + C 


i ene eiloesjaios. 2 = DEC 


b eye beak 
Integrating between limits gives f cds = [ | = —-— 

a 2 a 2 2 

TRIGONOMETRY 


sine = ordinate/hypotenuse 
cosine = abscissa/hypotenuse 
tangent = ordinate/abscissa 
1° = 0.0175 radian 

sin? x + cos? z = 1 

y = sin x; dy/dx = cos x 

y = cos x; dy/dr = — sing 
y = tan x; dy/dx = sec? x 


foine ae = —cosr+C 


feos de =snz+C 


MiscELLANEOUS 
—b + Vb? — 4ac 
If az? + br +c =0, L = 
2a 
1 inch = 2.54 cm 1 pound = 453.6 g 
log means logyo; In means loge 
Greek Alphabet 
Aa Alpha N » Nu 
ig) fs Beta Zz & Xi 
Dy, Gamma O o Omicron 
by 1 Delta INP Gr Pi 
E e Epsilon 1 Rho 
Vi he Zeta Dc Sigma 
H 7 Eta ae Tau 
8 86 Theta ee Upsilon 
Ig Tota eb Phi 
K « Kappa xX x Chi 
IN Lambda Vv y Psi 
M up Mu Q w Omega 
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Symbols Used for the More Common Abbreviations 


work content 

angstrom unit 

molar heat capacity 

internal energy; activation energy 

voltage 

electromotive force 

free energy 

change in free energy 

change in free energy (standard 
state) 

faraday (96,496 coulombs) 


enthalpy 
intensity of light 
equilibrium constant; absolute 


temperature scale 
boiling-point constant 
freezing-point constant 
specific conductance 
molecular weight; molarity 
Avogadro number; mole fraction 
osmotic pressure 
gas constant 
Rydberg constant 
entropy 
absolute temperature 
volume of 1 mole of gas 
partial molal volume 


a 
c 
d 
e 
h 
k 


Wow we SS a ot 8 Ss SS 


activity 

concentration; heat capacity 

density 

electron; electronic charge 

Planck’s constant 

specific reaction rate; gas constant 
per molecule 

molality 

number of moles; refractive index 

pressure 

measure of hydrogen-ion activity; 
—log a+ 

heat absorbed 

centigrade temperature; time 

volume 

work done 

angle of optical rotation 

activity coefficient; surface tension 

quantum 

viscosity 

equivalent conductance 

wave length of radiation 

micron; dipole moment 

frequency of radiation 


“wave number 


quantum yield 
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Table of Physical-Chemical Constants 


These constants have been calculated on the basis of the adoption of the absolute 
values of electrical units by the National Bureau of Standards and the re-evaluation 
of some of the fundamental constants by Dumond and Cohen,* with the co-opera- 


tion of R. T. Birge. 


Approximate values of some of these constants are given also on page vViil. 


One liter (1000 ml) 
Standard acceleration of gravity 
Standard atmosphere 
Volume of ideal gas at 0° C, 
1 standard atmosphere 
Ice point (0° C) 
One calorie (defined) 
Gas constant per mole 


Faraday constant 
Avogadro number 
Electronic charge 


Mass of electron 

Rydberg constant for H! 

Rydberg constant for He* 
Rydberg constant for infinite mass 
Planck’s constant 

One absolute volt-electron 


Boltzmann constant 
(gas constant per molecule) 
One kilocalorie mole! 


Velocity of light in vacuum 
1 international joule 

1 international volt 

1 international ohm 

1 international ampere 
Mass of proton 

Mass of neutron 


1000.028 em? 

980.665 em sec? 

1.013246 x 10° dynes em~? 

22.4140 liters mole! 

22,414.6 em? mole! 

273.16° K 

4.1840 absolute joules 

8.3144 X 10’ ergs degree! mole! 
1.98718 cal degree! mole~* 
0.082,054 liter-atm degree! mole! 

96496 abs. coulomb gram equivalent! 

6.0235 X 1073 mole? 

1.6020 * 10~” absolute emu 

1.6020 x 10~'® absolute coulomb 
4.8024 X 10~'° absolute esu 

9.1055 X 1078 g 

109677.58 cm—+ 

109722.26 cm! 

109737.30 em! 

6.6234 < 10~°" erg second 

1.6020 X 10~” erg molecule 
23,063 cal mole! 

1.3803 X 10716 erg degree! molecule! 


6.9461 X10—" erg molecule! = 0.043359 
electron volt = 349.83 em! (wave 
numbers) = 1.0487 x 10" sec! (fre- 
quency) 

2.99776 < 10!° cm sec! 

1.000165 absolute joule 

1.000330 absolute volt 

1.000495 absolute ohm 

0.999835 absolute ampere 

1.67229 x 10-4 g 

1.67453 x 107~*4 g 


> Dumond and Cohen, Rev. Mod. Phys., 20, 82 (1948). 
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INTERNATIONAL ATOMIC WEIGHTS 
1947 
Published by the Journal of the American Chemical Society 


Sym-| Atomic Sym-| Atomic 
bol | Number bol | Number 
Aluminum Al 13 Molybdenum..}| Mo 42 
Antimony. Sb 51 Neodymium. .}| Nd 60 
ATZON eee sie er A 18 NeOmou eect Ne 10 
Arsenic...... As 33 Nickel 72 S252 Ni 28 
Barium...... Ba 56 Nitrogen..... N 7 
Beryllium....| Be 4 Osmium...... Os 76 
Bismuth..... Di 83 Oxygen...... O 8 
Boroneeneeee B 5 Palladium....| Pd 46 
Bromine..... Br 35 Phosphorus. ..| P 15 
Cadmium Cd 48 Platinum..... Pt 73 
Calcium. .... Ca 20 Potassium....| IC 19 
Carbon...... Cc 6 Praseodymium| Pr 59 
Cerium...... Ce 58 Protactinium..| Pa 91 
Cesmmeysne Cs 55 Wdiumis ace Ra 88 
Chlorine..... Cl 17 Radon: castes Rn 86 
Chromium Cr 24 Rhenium..... Re 75 
Cobaltersse Co 27 Rhodium..... Rh 45 
Columbium Cb 41 Rubidium Rb 37 
Coppers... Cu 29 Ruthenium...| Ru 44 
Dysprosium..| Dy 66 Samarium Sm 62 
Erbium...... Er 68 Scandium Sc 21 
Europium....| Eu 63 Selenium..... Se 34 
Fluorine..... F 9 Silicon. ose Si 14 
Gadolinium Gd 64 Silvers) cos.es Ag 47 
Gallium..... Ga 31 Sodium...... Na 11 
Germanium. .| Ge 32 Strontium....| Sr 38 
Golda tin Au 79 Sulftrrge.sercnre Ss 16 
Hafnium..... Hf 72 Tantalum Ta 13 
Flelium<e ete. He 2 Tellurium Te 52 
Holmium Ho 67 Terbium..... Tb 65 
Hydrogen H 1 Thallium..... Tl 81 
Indium=.. os In 49 Thorium..... Th 90 
Todine....... I 53 Thulnimi.. se Tm 69 
Tridiumes veers Ir a Wintec cere Sn 50 
Myron Nae ccis eei6 Fe 26 Mitaniumers. ce at 22 
Krypton..... Ir 36 Tungsten..... W 74 
Lanthanum La 57 Wraniuzt. scsi) 92 
Wead see ceins Pb 82 Vanadium V 23 
Lithium. ....} Li 3 EXemOIaye1s state Xe 54 
Lutecium,...} Lu (fk Ytterbium Yb 70 
Magnesium. .| Mg 12 Y ttriunyce a6 39 
Manganese...| Mn 25 ZANO...: fas ove ele Zn 30 
Mercury.....| Hg 80 Zirconium,...| Zr 40 
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A, angstrom, 61 
A, work content, 149 
Absorption, and chemical structure, 81 
coefficient, 79 
of light, 565 
spectrum, 81 
Acids, ionization constants, 487 
Actinometer, 602 
Activated complex, Eyring theory, 376 
Activation energies, calculation, 694 
Activation energy, 373, 380 
Activities, 276, 469 
from electromotive force, 682 
from freezing points, 686 
of electrolytes and ions, 469 
of mercury in thallium amalgams, 686 
of solvent from activities of solute, 684 
Activity coefficient, 470, 473, 474 
of hydrochloric acid, 684 
Additive property, 67 
Adiabatic expansion of gas, 112 
Adsorption, by silica gel, 549 
Age of the earth, 662 
Alpha rays, 623, 639 
Amorphous solids, 42 
Ampere, 396, 397, 699 
Angstrom, 61 . 
Anisotropic crystal, 42 
Annihilation of matter, 655 
Anode, 405, 407, 444 
Aqua, 124 
Arrhenius equation, 377 
Arrhenius theory, 250, 517 
Asymmetric carbon atom, 73 
Atomic energy commission, 660 
Atomic forces, 33 
Atomic mass, 634 
Atomic models, 92 
Atomic number, 620, 621, 622 
Atomic power, 658 
Atomic refractions, 71 
Atomic structure, 617 
Atomic weight, 634, 640 
table, 700 


Avogadro constant, 8, 532, 626 
Avogadro law, 8 
Azeotropic solution, 211 


Bacteriophage, picture, 530 

Band spectroscopy, 584 

Barostat, 233 

Battery, 432 

Beattie-Bridgman equation, 673 

Beer’s law, 79 

Berthelot’s equation, 19 

Beta rays, 623 

Bimolecular reactions, 344 

Binary mixtures, 209, 210 

Biological applications of photochem- 

istry, 610 

Bohr’s theory, 570, 689 

Bond radii, 92 

Boiling point, constants, 231, 237 
elevation, 229, 244 
determinations, 232 

Boiling points, table, 14 

Boyle’s law, 671 

Bragg X-ray analysis, 47 

Brownian motion, 530 

Buffer solutions, 501, 502 

Bunsen coefficient, 203 


C, heat capacity, 108 
Cadmium cell, 433 
Calculus, 696 
Calomel electrode, 435 
Calorie, 101, 124, 699 
Calorimetric measurements, 124 
Carnot cycle, 676 
Catalysis, 382, 383 
Cathode, 405, 407 
Cells, classification, 441 
reversible, 438 
with junction potential, 442 
without transference, 442, 471 
Chain reactions, 387, 389, 603 
Characteristic solutions, 589 
Chemical and electric energy, 438 
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Chemical equilibria, 254 

and electromotive force, 450 

and temperature, 280 
Chemical kinetics, 342 
Chemiluminescence, 608 
Chlorophyl, 611 
Clapeyron equation, 174 
Claude process, 167 
Clausius-Clapeyron equation, 177, 230 
Cloud chamber, 625 
Collision frequency, 370 
Collisions, molecules and protons, 593 
Colloidal electrolytes, 556 
Colloid mill, 524 
Colloids, 523 

by are method, 525 

definition, 523 

dispersion methods, 524 

electrical behavior, 539 

kinetic behavior, 530 

particle weights, 539 

precipitation by electrolytes, 545 

preparation, 524 

purification, 527 

optical behavior, 528 

stability, 544 
Competing reactions, 354 
Complex ions, 515 
Complex reactions, 354 

mathematical analysis, 357 
Compton effect, 581 
Concentrated solutions, 514 
Concentration cells, 454 

electromotive force, 683 
Conductance, at different temperatures, 

405 

equivalent, 400 

measurements, 398 

molar, 400 

of electrolytes, 403 

of fused salts, 420 

of gases, 617 

on nonaqueous solutions, 418 

of potassium chloride, 401. 402 

specific, 400 

theories, 516 
Conductimetric titrations, 420 
Consecutive reactions, 354, 358 
Conservation, of energy, 102 

of mass, 102 


Constitutive property, 67 
Conversion electrons, 645 
Cooling curves, 321 
Coordinate covalent bond, 37 
Copper-zine cell, 482 
thermodynamics, 153 
Cosmic rays, 644, 661 
Coulomb, 396 
Critical constants, table, 14 
Critical potentials, 576 
Critical pressure, 12 
Critical temperature, 12, 14 
Critical volume, 12 
Crystal forms, 42 
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Crystal lattice of sodium chloride, 52, 54 


Crystals, binding forces, 58 
properties, 59 

Crystal structure, 47, 59 

Cubic lattices, 49 

Cyclotron, 642 


Dalton’s law, 196 


Debye—Hiickel theory, 511, 517, 680 


Decomposition, of hydrogen peroxide, 
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of nitrogen pentoxide, 348, 366 
Decomposition voltage, 422 
Degrees of freedom, 118, 317 
A, delta, 102, 696 
Densities, abnormal, 23 

of nitrogen tetroxide, 259 
Deuterium, 637, 639, 664 
Deuteron, 639 
Dialysis, 527 
Dielectric constant, 87 
Differential absorption, 552 
Differential heat of solution, 220 
Diffusion, 531 

rate, specific, 688 
Dipole—dipole attraction, 39 
Dipole moments, 87 

table, 90 


Disintegration of the radioelements, 627 


Disperse system, 523 
Dispersing medium, 523 
Dispersoids, 523 
Dissociation, energy, 587 
of gases, 258 
of hydrogen iodide, 264 
of solutes, 248 
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Dissociation, pressures of CaCO3, 289 
Distance between 111 planes, 673 
Distillation, fractional, 212 

of binary systems, 211 
Distribution of bromine, 293 
Donnan membrane equilibrium, 556 
Dropping mercury electrode, 425 
Duhring’s rule, 181 
Dulong and Petit rule, 119 
Dyne, 99 


E, internal energy, 102 
E, voltage, electromotive force, 438 
Einstein, displacement formula, 532 


equation of mass and energy, 102, 655 


photochemical law, 597 
Electrical resistances, typical, 398 
Electrical units, 396 
Electric conductance, 395 

historical introduction, 395, 397 
Electrochemical conventions, 442 
Electrode, hydrogen, 457 
Electrode potentials, table, 447 
Electrode reactions, 441 
Electrodes, for hydrogen ions, 460 

reference, 434 

types, 441 
Electrokinetic potential, 540 
Electrolysis, 405 

reactions, 407 


Electrolytes, concentration ranges, 515 


Electrolytic dissociation theory, 259 


Electrolytic reduction and oxidation, 426 


Electromagnetic unit, 396 
Electromotive force, 431 

and chemical equilibria, 450 
Electron, 618, 639 

charge, 620 
Electron microscope, 529 
Electron pair, 35 
Electron theory of valence, 35 
Electrons, diffraction, 85 

energies, 693 

ratio of mass to charge, 619 

velocity, 619 
Electroosmosis, 543 
Electrophoresis, 541, 542 
Electrostatic attractions, 38 
Electrostatic generator, 642 
Electrostatic unit, 396 


Electrotitration, 464, 467 
Elliptical orbit, 689 
Eluticn, 554 
Emission of light, 565, 567 
Emulsifying agent, 558 
Emulsions, 558 
Endothermic reactions, 124 
Energies, electronic, 595 
rotational, 595 
vibrational, 595 
Energy, forms, 99 
intensity and capacity factors, 100 
levels in hydrogen atom, 573 
map for addition of bromine, 695 
Enthalpy, 107 
Entropies, table, 149 
Entropy, 143 
calculations, 145 
of activation, 380 
Enzymes, 387 
Equations of state, 18 


Equilibria, between solids and gases, 288 


in immiscible solvents, 292 
in solutions, 267 
Equilibrium, constants, 255 
from enthalpy and entropy, 286 
in gases, 260 
of nitric oxide, 281 
determination, 257 
pressures of NH4HS, 290 
Equipartition of energy, 569 
Equivalent conductance, 400 
Erg, 3, 99 
Eutectic temperature, 320 
Exothermic reactions, 124 
Expansion of gas, 105, 413 
Extinction coefficient, 79 
Eyring’s equation, 679 


theory of reaction rates, 376, 679, 694 


F, faraday, 438 
F, free energy, 149 
Faraday’s law, 407 
First law of thermodynamics, 101 
First-order reaction, 345, 367 
Fischer-Tropsch synthesis, 386 
Fission, 656 

products, 659 
Fluidity, 189 
Fluorescence, 594, 608 
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Fractional distillation, 212 
Fractionating cotumn, 213 
Free energy, 149 
and chemical reaction, 153, 268 
influence, of pressure, 152 
of temperature, 283 
of dilution, 244 
of formation, table, 275 
tables, 273 
Free radicals, 389 
Freezing point, constant, 236 
determination, 238 
lowering, 233, 244, 249 
Frequency, factor, 376 
of collisions, 370 
of light, 77 
of radiation, 598 
Fugacities, 276 
Fundamental units, 3 


Galvanic cells, 431 
y, gamma, 470 
Gamma rays, 623 
Gas constant, 7 
Gas density, 9 
and dissociation, 258 
Gaseous state, 5 
Gases, ideal, 5 
real, 10 
Gas law and partial differentiation. 671 
Geiger—Miiller counter, 625 
Gels, 559 
Gibbs equation, 547 
Gibbs—Helmholtz equation, 161, 
440 
Glass electrode, 462 
Greek alphabet, 697 


439, 


H, enthalpy, 107 
Haber process for ammonia, 385 
Half-life, 347 
Heat, 99 
absorption, 106 
capacity, 99, 108 
and temperature, 134 
of gases, 115 
influence of temperature on, 117 
table, 116 
of silver, 148 
of solids, 118 
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Heat, content (see enthalpy), 107 
of activation, 373, 374, 376 
of combustion, 131 

table, 132 
of dissociation of bonds, 134 
of formation, 127 
table, 129 
of reaction and temperature, 136 
of solution, 219 
molal, 219 
partial molal, 220 
sodium chloride, 222 
of vaporization, 182 

Heavy water, 637 

Henry’s law, 202 

Heterogeneous systems, 304 

Heteropolar bonds, 35 

Homopolar bonds, 35 

Hougen and Watson chart, 20 

Hydrogenation catalysts, 385 

Hydrogen bond, 200 

Hydrogen electrode, 435, 457 

Hydrogen-ion activities, 459 

Hydrogen spectrum, 572 

Hydrolysis, 496 
constant, 498 
degree, 497 
of ethyl acetate, 352 

Hypothesis, 4 


Ice, 309 
Immiscible liquids, 216 
Indicators, 502 
Triduced-dipole attraction, 40 
Industrial colloids, 561 
Infrared-absorption spectrum, 585, 595 
Infrared conversion graph, 600 
Integral heats of solution, 221 
Interface, molecular orientation at, 554 
Interfacial tension, 546 
Interionic attraction, 509, 511 
Internal energy of gases, 110 
International electrical units, 396, 699 
Ionic conductances, 416 
at infinite dilution, 417 
Tonic equilibria, 483 
Tonic mobilities, 414 
Ionic strength, 507 
and strong electrolytes, 508 
Jon-ion attraction, 39 
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Ionization, chambers, 625 
constant of acetic acid, 485 
of acids, 489 
of bases, 487 
of water, 490 
of weak electrolytes, 483 
potential, 578 
Isoelectric point, 545 
Isomeric transition, 645 
TIsomorphous crystal, 43 
Isothermals, 12 
Isotopes, 630, 683 
concentration, 635 
of cadmium, 633, 646 
of lead, 632 
occurrence, 633 
table, 647-654 
thermal diffusion, 635 
uses, 661 
Isotropic crystal, 42 


Joule, 101 
Joule-Thomson effect, 167, 675 
Junction potentials, 468 


K, equilibrium constant, 255 
k, specific rate constant, 346 
K-electron capture, 644 
Kilocalorie, 124 
Kinetic energy, 27 
Kinetic equation, 27 
and heat capacity, 115 
Kinetic theory of gases, 25, 367 
Kinetics, chemical, 342 
photochemical, 602 
Kohlrausch’s law, 416 


Langmuir theory of adsorption, 550 

Lattice units in crystals, 55 

Laue X-ray pattern, 46 

Lead storage battery, 475 

Le Chatelier’s theorem, 157, 177 

Light, absorption, 75 
transmission, 80 

Limiting densities, 22 

Linde process, 167 

Liquefaction of gases, 166 

Liquid junction, 411, 468 

Liquid state, 166 

Logarithms, back cover 

Luminescence, 608 


liyman series, 572 
Lyophobic colloids, 524 
Lyophilic colloids, 524, 544 
Lyotropic series, 560 


m, molal, 195 

M, molar, 195 

Mass law, 254 

Mass numbers, 634 

Mass spectrometer, 631 

Mathematical formulas, 696 

Maximum boiling points, 208 

Maximum work, isothermal expansion, 

105 

Maxwell—Boltzmann equation, 692 

Maxwell distribution law, 368, 678 

Mean free path, 372 

Meson, 639 

Migration of ions, 409 

Miller indices, 45 

Millimicron, 76 

Minimum boiling points, 208 

Molal solution, 195 

Molar solution, 195 

Molar conductance, 400 

Molar refraction, 69 

Molecular collisions in gases, 370 

Molecular diameters, 371 

Molecular forces, 33 

Molecular structure, and ionization, 488 
and physical properties, 67 
methods, 95 

Molecular weights, 9, 21 

Mole fraction, 195 

Monochromator, 600 

Morse curve, 589 

w, Tau, 523 

Mutations, 612 


Neutron, 637, 638, 639 

Nonpolar compounds, 35 

Normal solution, 194 

Nuclear chain reaction, 657 

Nuclear fission, 656 

Nuclear isomers, 645 

Nuclear reactions, 355, 644, 645, 646 
Nuclear structure, 617 

Nuclear units, 638, 639 

Nuclei, composition, 640 

Number of molecules striking a surface, 
370 
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Ohm, 396 

Optical activity, 73 

Order of reaction, determination, 362 

Ortho-hydrogen, 590 

Osmosis, 239 

Osmotic pressure, 239, 241, 242, 244 

Overvoltage, 426 

Oxidation, 406 
by removal of electrons, 406, 426 
electrode potentials, 443, 446 
reactions, 443 

Oxide electrode, 462 


Packing fraction, 655 

Parachor, 83 

Para-hydrogen, 590 

Partial differentiation, 671, 675 

Partial miscibility, 328 

Partial molal quantities, 217 

Partial molal volumes, 218 

Partial pressure, Dalton’s law, 196 
of solutions, 199, 201 

Particle weight, 534 

Partition function, 692 

Paschen series, 572 

Pauli’s exclusion principle, 576 

Percentage by weight, 195 

Periodic classification of the elements, 

665 

Periodic table, 665 

pH, 459, 463, 464 

Phase, 304 

Phase diagram, 304 
bismuth—cadmium, 322 
cobalt-chromium, 329 
concentration and temperature, 319 
copper sulfate and water, 314 
for partially miscible liquids, 329 
for sulfur, 311 
gold—aluminum, 332 
molybdenum-—cobalt, 330 
platinum—gold, 327 
sulfuric acid and water, 325 
triangular, 323 
uses, 331 
water, 308 
with chemical interaction, 323 
zinc—magnesium, 324 

Phase rule, 316, 318 

Phosphate glasses, 338 

Photocells, 77 
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Photochemical kinetics, 602 
Photochemical reactions, 606 
Photochemistry, 593 
experimental procedure, 600 
laws, 596 
Photoelectric cell, 580 
Photoelectric effect, 579 
Photography, 609 
Photon, 594 
Photosensitization, 605 
Photosynthesis, 611 
Physical-chemical constants, table, 699 
Physical chemistry, survey, 1 
Physical properties and molecular struc- 
ture, 67 
Pile, 657 
Planck’s constant, 569 
Planck’s formula, 569 
Poise, 187 
Polar compounds, 35 
Polarimeter, 72 
Polarization, electrode, 426 
molar, 87 
Polarized light, rotation, 71 
Polymerization, 526 
Positron, 638, 639 
Potentials, electrode standard, 447 
electrokinetic, 540 
zeta, 540 
Potentiometer, 436 
Potentiometric titrations, 463 
method of tangents, 467 
Pressure—volume relations of gases, 11 
Protective colloids, 546 
Proton, 639 
theory of acids, 493 


q, heat, 102 

Quantum mechanics, 589 
Quantum numbers, 574, 576 
Quantum theory, 565, 568 
Quantum yields, 604, 606 
Quinhydrone electrode, 460 


Radiation intensity, 567 

Radiation laws, 566 

Radiations, energy, 599 

Radioactive carbon, 663 

Radioactive elements, production, 641, 
644 

Radioactive equilibrium, 628 
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Radioactivity, biological effects, 660 
geological applications, 662 
measurement, 624 

Radioelements, and periodic table, 630 
disintegration, 629 

Radio indicators, 663 

Radium, discovery, 623 

Radon, 624 

Raman effect, 582 

Raman spectrum of carbon tetrachloride, 

584 

Raoult’s law, 202, 227 

Rate equation, 679 

Rayleigh law, 568 

Reaction mechanisms, 344 

Reaction rate constants, calculation, 345, 

350, 353 

Reaction rates, measurements, 342 
temperature, 365 
prediction, 377 

Reduction by addition of electrons, 406, 

426, 442 

Reduction—oxidation indicator, 504 

Refractions, table of molar, 70 

Refractive index, 67, 68 
calculation, 674 

Relativity theory, 620, 655 

Repression of ionization, 488 

Resonance, 38, 94 
potentials, 578 

Reverse reactions, 354 

Reversible cells, 438 

Reversible processes, 103 

Rotational energies, 693 

Rotation, molar, 74 
specific, 73 

Rydberg constant, 571, 573 


S, entropy, 143 

Salt bridge, 4384 

Salting-out effect, 204, 294 
Saturated solution, 305 

Scientific method, 4 

Second law of thermodynamics, 142 
Second-order reactions, 350 
Sedimentation equilibrium, 535 
Sedimentation velocity, 538 
Semipermeable membrane, 239, 240 
Silica gel, 550, 559 

Solids, properties, 42 

Solid solutions, 326 


SUBJECT INDEX 


Solubility, 305 

n-butanol and water, 305 

of gases, 203 

of solids, 307 

product, 504, 505 

influence of salts, 511 

temperature, 306 
Solution, binary, 194 

molal, 195 

molar, 194 

normal, 194 
Solutions, 194 

composition, 194 

ideal, 197 

nonideal, 197 

of gases, 196 

in liquids, 202 

of nonvolatile solutes, 227 
Solvates, 514 
Space model for two salts and water, 337 
Specific conductance, 400 
Specific reaction rate constant, 346 
Specific refraction, 69 
Spectra, types, 594 
Spectral lines and critical potentials, 579 
Spectrophotometer, 77 
Spectroscopy, 570 
Spontaneous change, 155 

criteria for, 157 
Standard cells, 433 
Standard electrode potentials, 447 
Stark effect, 574 
Statistical thermodynamics, 690 
Staudinger equation, 534 
Steam distillation, 217 
Stefan—Boltzmann law, 566 
Steno’s law, 44 
Stokes’s law, 531 
Streaming potential, 543 
Strength of acids, 494 
Strong electrolytes, classification, 506 
Supersaturated solutions, 308 
Surface tension, 184, 186 
Symbols, table, 698 
Syneresis, 560 
Synthesis of methanol, 386 


T, absolute temperature, 5 

t, temperature, centigrade, 5 

Temperature, and equilibrium constants, 
280 
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Temperature, and heat capacity, 134 

and heat of reaction, 136 

and reaction rate, 379 
Theoretical plates, 213, 215 
Theory, 4 
Thermal analysis, 321 
Thermochemical constants, 133 
Thermochemistry, laws, 124, 125 
Thermodynamic calculations, 157 
Thermodynamics, 99 

first law, 101 

second law, 142 

third law, 146 
Thermopile, 600 
Third-order reactions, 353 
Three-component systems, 332 
Tie line, 333 
Tracer elements, 664 
Transference numbers, 409 

by change in concentration, 411 

by electromotive force, 474 

by moving boundary, 414 
Transition temperature, 311 
Translational energies, 693 
Transmutation, 641, 664 
Triangular coordinates, 333 
Triangular diagram, 335 
Triangular prism, 335 
Trigonometry, 697 
Triple point, 310 
Trouton’s relation, 182 
Two-component systems, 318 
Tyndall effect, 528 


Ultraceritrifuge, 536 
Ultrafiltration, 527 
Ultramicroscope, 528 
Ultraviolet light, 595, 599 
Unimolecular films, 554 
Unimolecular reaction, 344 
Units, fundamental, 3 

Uranyl oxalate actinometer, 602 


Valence, 35 

Van der Waals, constants, 16, 672 
equation, 15, 204 

Vapor composition of binary systems, 

206 

Vaporization, entropy, 183 
of liquids, 103 

Vapor pressure, curves, 170 
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Vapor pressure, gas-saturation method, 
173 
lowering, 229 
measurement, 172 
of acetone-ether solutions, 278 
of liquids, 169 
table, 171 
Vapor relationships, empirical, 181 
Velocity, of light, 77, 598, 699 
of molecules, 28 
Velocity constant, 346 
Vibrational energies, 693 
Victor Meyer method, 10 
Virial equation, 19 
Viscometers, 188 
Viscosity, 533 
and temperature, 188 
of colloids, 533 
of liquids, 188 
Vitamin D, 612 
Volt, 396 
Voltage and oxidizing and reducing ions, 
454 
Voltage measurement of cells, 486 
Voltmeter—potentiometer, 435 


w, work, 102 

Water, 309, 637 

Watt, 396 

Wave length, 598 

Wave number, 571, 572 
Weights, atomic, 634, 640 
Weston cell, 433 
Wheatstone bridge, 399 
Wien’s law, 568 

Work, 99 

Work content, 149 

Work conversion from heat, 160 


X-ray analysis of crystalline powders, 
62 
X rays, 46 
applications, 63 
wave length, 60 
X-ray spectrometer, 48 


Z, atomic number, 621 
Zeeman effect, 574 
Zero-order reactions, 353 
Zero-point energy, 588 
Zeta potential, 540 
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